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200 kDa each (Fig. 1). Shghtly more 
than half of each of MHCs forms twin 
globular heads at N-termini, while 
remaining portion makes up double 
helical rod that determines in vivo as 
well as in vitro solubility of the myosin 
The following account molecule. It is i-esponsible for thick 
provides the extended abstract of formation. Catalytic activity, 
the investigations carried out under 
the above title. 
N4yosin is the principal 
contractile protein of vertebrates 
and makes up the bulk of skeletal 
the ATPase, is located within the heads 
Fig. 1 Light chains (LCs) 
which can be isolated by limited 
musclc. Classified as the type-11, it Proteolysis as two subfragments or S: 
IS one of the several members of of 120 kDa each. The property of actin 
iiuosin nuihi-izene iannh. It is a bindino is also associated with S1 s. 
hexamci- consisting of two A pair of light chains (LCs) non-
helicalh' intertwined high covalently cross-links to single stranded 
molcciikir weight polypeptides or regions (S-2) just below each globular 
head. They are the only four very bony lamellar labyrinth covered by 
low molecular weight (11-23 kDa) vascularized musculature. No 
components of hexameric specialized organs have been 
assembly of the myosin molecule. discovered in Mastacembelus armatus 
LCs are regarded as the regulators so far; but, like several other air-
of muscle speed and are not breathing teleosts which do not possess 
essential for ATPase activity. ABO, it is an established behavioral 
This study deals with type-II 
myosins of five freshwater 
teleosts. They include a catfish 
Clarias batrachus and a murrel 
Channa punctatus, both of which 
air-breather. 
Channa punctatus Clarias batrachus 
Mastacembelus armatus 
are equipped with air-breathing 
organs (ABO). ABO in Clarias 
batrachus is most developed and 
complex with fans and tree-like Catla catla 
branched ramifications. In Channa Fig. 2 
punctatus, A B O is a pouch-like General morphological features of 
extension of gill chamber with a air-breathing teleosts along with water 
breathing controls, the two major influenced myofibrillar proteins and 
carps, are shown above (Fig. 2). their interactions is investigated in this 
study. 
A large body of published 
evidence supports the temperature The study comprehends two main 
as the prime factor determining the aspects : (A), the inter and intraspecies 
short or long term adaptation of genetic diversity of myosin heavy chain 
fish myofibrillar proteins/myosin. isoforms (MHC) of different skeletal 
A body temperature conservation muscle-types and; (B), the diversity of 
mechanism in tunas (despite a low biochemical properties in relation to 
temperature habitat), high tissue adaptive traits of the selected teleosts. 
concentrations of urea in 
elasmobranchs or sustenance to 
high pressure in deep-sea fishes, 
are some alternative factors which 
have been explored for their 
probable influence on adaptive 
traits of myofibrillar proteins. How 
the air-breathing adaptation, which 
is a factor of high significance in 
vertebrate evolution, might have 
To achieve the above objectives, 
polymorphism in MHC isoforms of 
different muscle-types was determined 
electrophoretically by modified SDS-
PAGH; substructure of MHC isoforms 
was probed b}' ch}'motr\ptic peptide 
mapping; and, several biochemical 
criteria were employed to determine 
specificities of catalytic activity 
(ATPase) and relative solubility 
which is primarily the function of 
MHC rod, as well as 
conformational variations during 
unfolding with urea. The finding 
suggests that : 
(I). Natural actomyosin (NAM) 
irom white trunk muscle of the 
studied teleosts is invariably 
vertebrate-like in polypeptide 
composition (Fig. 3). It consists of 
M.vvl 
i k D a l M Cp Cb Ma Lr Cc 
200- -sMf wm mm p f -iNi 
ACllI 
Tri 
46 , 
iS^fiji^  im^mmm SSfiSiS 
Trn 39-i! 
LC + 1 O • 
Tn 1 7 / 
5 Fig. 3 
a major MHC band of -200 , an 
actin of - 4 6 , tropomyosin of 39-
40, LCs o f - 2 5 to 15 kDa besides 
three troponins o f - 4 3 , 40 and 18-20 
kDa. In glycerinated gels further 
interspecies differences between 
tropomyosin and LC2 were better 
resolved. Out of all species, Labeo 
rohita, one of the two water-breathing 
major carps has 4 light chains. The 
differences among light chains are 
supported by SDS-PAGE patterns of 
myosin also (which in pure form 
consists of MHC and LCs only). Low 
molecular weight components carrying 
similar Mr values may be more 
conserved in these teleosts than the 
other polypeptides. 
(2). a : In a total of 102 samples, only 
a single MHC isoform of differing 
mobility (polymorphic within the same 
type of muscle) was discovered in 
white skeletal muscle of air- with the life style of fish that includes 
breathing mur re l Channa migration by walking to other water 
punctatiis (Fig. 4). Extremely rare bodies. 
a+b 
I I I 
distribution of this phenotype made 
further investigations difficult and 
its value as subpopulation marker is 
therefore insignificant, even if it is 
verified by karyotyping. 
(3), Chymotryptic peptide maps reveal 
that MHC isoforms isolated from 
different muscle-types of even the same 
species are distinctly diverse. Due to 
the absence of certain peptides 
(numerically 2-9), each map is 
diagnostic of the muscle-type. 
b : While other muscle-types Chymotryptic maps also display 
display the presence of only one the presence of several bands, which 
MMC isoform (of differing 
mobilities), pectoral-f in muscle 
of C. batrachiis consisted of two 
„ 1 Pectoral-rln muscle White Red Head 
n CD iWa u (Jc 
to 
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according to published evidence are 
well-identified active subf ragments or 
isoforms (Fig. 5). Heterogeneity their cleavage products in fish and other 
in this muscle-type may be related vertebrate myosins. Fig. 6, typically 
displays peptide maps of wiiite 
skeletal (trunk) MHC isoforms of 
different teleosts. The most 
prominent labeled subfragments 
are the following: HMM-HC (143 
kDa), myosin rod (132kDa), S l -
HC (94kDa) and LMMs (73-81 
kDa), respectively. 
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subfragments ^gre also present in 
peptide maps as already shown above 
(Fig. 6). The limited susceptibility of 
(4). At a rather high digestion ^ A M s to chymotryptic digestion 
temperature (25°C) and a ratio of ^^at for active subfragments 
50:1 N A M to chymotrypsin for 
air-breathing teleosts and 100:1 for 
carps, marked activation occurs in 
Ca^"'-ATPase activity (Fig. 7) that 
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is concomitant with the release of preparation, N A M of teleosts studied 
MHC cleavage products (shown in here are highly suitable starting 
Fig 8) with Mr values of known material. 
active subfragments such as SI , 
HMM-HC, rod and LMM. These 
(5). Physiological M g -ATPase 
activities (Mg^"^-ATPase in the presence 
of trace Ca^ ' ions) of white and red the rates. It is compatible with 
muscle had some common anaerobic option of energy metabolism 
features. Around physiological salt during hypoxic conditions. 
concentrations and pH values, 
physiological ATPase of NAMs of 
air-breathing teleosts, was 
relatively low (<0.160 jimoles 
Pi/min/mg) as compared to 0.242 
jimoles Pi/min/mg of the 
homologues from two caips. 
Physiological ATPase activities 
display a similar pattern for 
myosins also, with the difference 
that the rates are about 10 times 
lower than those displayed by 
NAMs. Therefore, similar to 
specific LDH activities, for 
myofibrillar ATPase also the 
(6). Skeletal muscle is the first tissue 
to become hypoxic and ineon\'crtible 
lactate, a product of anaerobic 
metabolism, is likelv to accumulate 
during progressive hypoxia. Either the 
animal should have a mechanism to 
reverse the negative impact of 
accumulating metabolites, or the 
muscle proteins have to display 
adaptation to changed physiological 
state. The latter possibility was 
explored by assaying physiological 
ATPase in the presence of micro-
amounts of lactic acid. 
adaptive strategy of air-breathing Though the results do not 
fishes appears to down-regulate discount the first alternative, the data 
strongly favours a role for the underlines the specific but different 
second alternatives; i.e., the kind of modulating effects of lactic acid 
adaptability of NAM to tolerate 
certain levels of lactic acid ( l-15fi 
moles in the present study). The 
concentrations of lactic acid used 
in these assays are far higher than 
those reported in hypoxic muscles. 
In order to rule out that the 
0.05 
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observed changes are not the result 
of fall in pH due to addition of 
lactic acid, controls were run 
where instead of lactic acid 
corresponding amounts of Na-
lactate of pH 7.0 were added. 
These results are quite different 
from those where different buffers 
were used to alter pH of assay 
mixture (e.g., Tris-maleate and 
Tris-HCl). The comparison 
Fig. 9 
on physiological ATPase of NAMs of 
air-breathing teleosts and carps. It is 
also remarkable that the physiological 
ATPase of NAM of behavioral air-
breather M. armatus displays more or 
less insensitivity to the quantities of 
lactic acid added in these experiments. 
NAMs of two species which are 
equipped with ABO (C. batrachus and 
C. punctatus) display a kind of 
activation in ATPase rather than residues already reported for vertebrate 
the lactic acid-influenced decrease myosins. UV-difference spectra of 
in the catalytic activities. In myosins of the other four teleosts are 
contrast, a progressive inactivation not similar to that of M. armatus 
or decrease is diagnostic to NAM- myosin, though the presence of 
ATPases of the two carps. phenylalanine and tryptophan residues 
(7). Thermal inactivation of Ca"'-
ATPase of myosins and NAMs 
reveals more similarity in rate 
constants (ko) between two ABO 
possessing teleosts and between 
the two carps. 
(8). Similar to the changes 
described for the effect of lactic 
acid, UW difference spectrum of 
M. armatus myosin is species 
specific. It shows characteristic 
troughs and peaks of 
phenylalanine and tryptophan 
in them is amply demonstrated. The 
most prominent differences are 
revealed by AA values as the urea 
concentration increases. Fig. 10, though 
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displays AA for phenylalanine peaks 
only, it is in fact the representative 
perturbation pattern of phenylalanine 
and tryptophan residues also. As 
obvious by the figure, perturbation of 
several orders of magnitude was on white skeletal muscle myosins, the 
observed in phenylalanine (as also apparent differences between 
in tryptophan and tyrosine) chemofunctional properties of myosins 
residues in myosins of C. originate from substructural differences 
batrachus and C. punctatus. in the principal determinants of the 
Remarkably low magnitude properties, the MHC isoforms (revealed 
changes characterize carps and M. by peptide mapping and UV-DS spectra 
armatus myosins; but with a 
perturbation profile that is 
diagnostic to myosin of the latter 
behavioral air- breather. 
in urea). 
The presented evidence also 
emphasizes that apart from the 
temperature of ambience, adaptive 
The results demonstrate that specializations such as accessory air-
different MHC isoforms in breathing in teleosts, might be among 
muscles of investigated teleosts are the factors influencing molecular 
constituents of multigene families. architecture of myosin molecule. 
As evident by model investigations 
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INTRODUCTION 
INTRODUCTION 
Concept Map : 
Myosin is the principal contractile protein of vertebrates and makes up 
bulk of skeletal muscle. Basic unit of muscular contractibility is the 
sarcomere. Numerous sarcomeres fuse linearly 2.3 i_im apart by Z-discs in 
tandem array to make myofibrils, which are thread-like ultimate 
substructural component of muscle fibers (Panel-1, Frame-Al). Within each 
sarcomere, myosin molecules aggregate to form dumbbell-shaped thick 
filaments. M-line passes through mid of these thick filaments and the 
sarcomeres (Panel-1, Frame-A2). A titin filament traverses through thick 
filament and terminally links with actin close to either of Z-discs, imparting 
stiffness to the sarcomere (Gregorio et al., 1999). The mid portion of thick 
filaments is devoid of protrusions of myosin heads and recognized 
microscopically as H band. On either side of H-band myosin heads protrude 
out in opposite orientations and cross-bridge with intercalating thin (actin) 
filaments (Panel-1, Frame-A2 and Frame-B) to define dense A-band. 
Remainder of thin filament is necked (without myosin overlaps) and 
visualized under microscope as light band I. 
MHne 
Z l i n e '"JOSi" 
tiuck tflaments I band thin filaments 
r Titin myosin heads Actm monomer 
in cross section j n C 
Tnl 
Side view 
Conformat ion- I : Ivlyosin lie ad 
bindinq site of actin blocked by 
Tropomyosin fTm) 
C o n f o r m a t i o n - 2 : Conformational 
changes following Ca binding by 
TnC. Myosin head binding site on 
actin monomer is set free due to 
displacement of Tm from that site 
TnT 
Panel-1 
Frame-l (Top figure): 
Parallel layout of 
myofibrils showing 
tandemfy fused basic 
units of muscle 
contraction, the 
sarcomeres. A and I 
bands of differing 
densities and, Z and M 
lines are also visible. In 
the same frame behfw, 
a line diagram 
elaborates ftie 
organization of thick 
(myosin) and thin 
(actin) filaments. 
Frame-B, A magnified 
portion of thick 
filament showing the 
three dimensional 
organization of myosin 
and protrusion of heads 
(left), and arrangement 
of actin molecules in 
fibrous thin filaments 
(right). Positioning of 
the supercoil of twin 
tropomyosin molecules 
as a rod and three 
globular subunits of 
different troponins 
is also shown. 
The role of these 
complexes during 
contraction and 
relaxation in relation to 
ATP hydrolysis is 
summarized on pages 
4-5. 
Frame-C : A 
simplified line diagram 
showing a sarcomCTe in 
relaxed and contracted 
state consequent to 
inward sUding of thin 
filament over myosin 
heads. 
Each thin filament is a supercoil of two linear polymers of actin which 
cross each other at every 10 monomer (Panel-1, Frame-B). The heads of 
myosin protruding out of thick filaments make cross-bridges with actin 
monomers at regular interval of 10 nm. In each groove, generated by the 
pitch of intertwined actin filaments, lies the rod shaped supercoil of 
tropomyosin, whereas troponins complex (comprised by three independent 
subunits T, I and C) are located at the termini of Tm and attach to actin 
every 10th monomer (Panel-1, Frame B). 
The cycle of contraction and relaxation is coupled with the formation 
and breakdown of these cross-bridges, binding of ATP hydrolysis products 
(ADP+Pi) along with Mg^^ to myosin heads, disassociation of this complex 
and replacement by ATP. Initiation of contraction and fine tuning are 
regulated by Ca~' levels (Panel-1, Frame-C). Excellent reviews are available 
on numerous aspects of actomyosin and myosin ATPases (Tonomura and 
Takeshita, 1972; Tonomura, 1986), structure of myosin (Harrington and 
Rodgers, 1984) and its interaction with actin filaments (Yanagida et al, 
1983); regulatory proteins (I^bashi et al., 1980) and electron microscopic 
substructure of myofibrils (Huxley and Faruqui, 1983). As the literature 
reviewed below will reveal, specificity of myosin heavy chains (MHCs) 
largely determines the functional attributes of different muscle types at inter 
as well as intraspecies levels. 
Muscle Sub-structure of Air-breathing Fishes : 
Electron micrographs reveal that in skeletal muscle of fish, I band is 
narrower than that of the mammals and T-system run between facing 
terminal cisternae (Akster et a!., 1985; Fleming et al., 1990). No 
acclimation dependent differences were found in ultrastructure of red or 
white musclcs by these authors. Of rare reports on ultra-structure of air-
breathing telcosts, Amazonian aruana {Osteoglossum bicirrhosum) where 
only white muscle exists, muscle fibers are 90-120 jim in diameter. In 
Arapaima gigas where red fibers are 30-60 |im in diameter, Z-line may be 
continuous in one type and zigzag in the other (Hochachka et al, 1978). 
Differences in the number of mitochondria and glycogen contents of red and 
white muscle have also been observed. 
Substructure of Skeletal Muscle Myosin Molecule : 
Skeletal muscle myosin of rabbit {Oryctolagus sp.) is the most 
extensively studied protein (Goodson and Spudich, 1993). As reviewed 
under the next subtitle, it is recognized as Class-II myosin. It is a 
multifunctional hexamer consisting of two intertwined high molecular 
weight polypeptides (about 200 kDa each) or myosin heavy chains (MHCs). 
Panel-2 : 
Simplified 
diagram 
showing 
molecular 
substructure 
o f skeletal 
muscle 
myosin 
More than half of MHCs at N-termini forms twin globular heads 
(Panel-1), while remaining portion makes up double helical rod that is 
responsible for thick filament formation (Harrington and Rodgers, 1984). It 
determines in vivo as well as in vitro solubility of myosin molecule. 
Caitalytic activity, the ATPase, is located within the heads (Warrick and 
Spudich, 1987), which can be isolated by proteolysis as two S-1 
subfragments of 120 kDa each (Panel-2). The property of actin binding is 
also associated with S-ls. 
A pair of light chains (LCs) non-covalently cross-links to single 
stranded regions (S-2) just below each globular head. They are the only four 
very low molecular weight (11-23 kDa) components of the hexameric 
assembly of myosin molecule (Harrington and Rogers, 1984). LCs are 
regarded as the regulators of speed (Lowey et al, 1993; Uyeda and Spudich, 
1993; Botinelli et al, 1994). Earlier notions that LCs were essential for 
ATPase activity have been discounted by Wagner and Giniger (1981). These 
authors showed that myosin can be stripped off light chains under non-
denaturing conditions of dissociation. S-1 isolated by such preparations 
possessed 30-80% of the ATPase activities of native S-1 and bound 
reversibly to F-actin also. Use of ammonium chloride as the dissociant 
allowed mutual exchange of LCs from two different myosins creating hybrid 
myosins (Wagner, 1981). Sivaramakrishnan and Bmke (1982) were 
successful in preparing LC-free S-ls , which retained full ATPase activity. 
Several proteases have been employed to obtain active subfragments 
oj" myosin molecules. Limited proteolysis with trypsin cleaves myosin into 
120 kDa light meromyosin (LMM) and 340 kDa HMM or heavy 
meromyosin. HMM can further be cleaved into following subfragments: a 
long 100 kDa S-2 and two 120 kDa S- l s by chymotryptic digestion 
(Yamamoto and Sekine, 1980). S-1 and rods can be obtained by digesting 
myosin directly with chymotrypsin (Onodera and Yagi, 1971). Using papain, 
myosin substructure was extensively probed by several workers (Lowey et 
al., 1969; Weeds and Pope, 1977). On extended digestion heavy chain is 
further cleaved into 50-, 25- and 20 kDa fragments, which are located in the 
same order from N-terminus. 
Multigene Family of Myosin Molecules : 
Contrary to some early expectations, at least seven different classes of 
myosin have been identified with the application of recombinant DNA 
techniques (Chenney et al, 1993). As per the classification based on that 
information, skeletal muscle is type-II myosin. Myosins from a variety of 
sources constitute a multigene family or super family of proteins. Their 
shared characteristic is the presence of a conserved motor domain of 
approximately 80 kDa attached to a variety of a structurally distinct tail 
domains (Emerson, 1987; Chenney et al., 1993). The classification based on 
head domains is also supported by that based on tail domain structure 
(Chenney et al, 1993). Human genome contains several genes for the 
expression of at least 10 different types of MHCs, which map on short arm 
of chromosome 17 and which are expressed differentially in tissue specific 
manner (Appelhans and Vosberg, 1983; Saez et al, 1987). Published 
information on chromosomal mapping of fish myosin genes appears to be 
lacking. 
Status in Fish : 
Skeletal muscle fibers in the trunk muscles of fishes are organized 
into myotomes and constitute between 40 to 60% of the total body mass 
(Martinez et al., 1993). Thus, organization of locomotor muscle in fish is 
distinctly different from the pattern observed in terrestrial vertebrates. As 
already pointed out, fish skeletal muscle consists of two principal fiber 
types: red and white in varying amounts. Uniform muscle fibers of each 
recognized type are organized within well demarcated boundaries. Third 
type of a very fine pink or intermediate type of fiber lines in between the two 
main types (Akster, 1983; Rowlerson et al, 1985; Kilarski and Kozlowska, 
1987). Published evidence also suggests that fiber types, their proportion and 
aiTangement in the lateral musculature are species-specific (Mosse and 
Hudson, 1977; Rowlerson a/., 1985). 
Fish Muscle Myosin Polymorphism : 
Despite similarity in overall size and subunit structure to mammalian 
homologues (Panel-1), intraspecies diversity of sub-structural components in 
class-Il myosins of different origins is now beyond doubt. The published 
information not only highlights diversity of the two MHC polypeptides or 
low molecular weight components (LCs), but also the diversity in functional 
attributes of each type of muscle fiber. The histological differences are 
directly reflected in their physiological ATPase activities, as well (Carpene 
et al, 1982; Kilarski and Kozlowska, 1985). 
On inter and intraspecies polymorphism among teleosts, substantial 
information is available that is related with light molecular weight 
components (LCs). The data on polymorphism of MHCs still needs to be 
expanded. Mackerel red and white muscles were shown to contain two and 
three light chains, respectively (Watabe and Hashimoto, 1980). The 
existence of slow red-type myosin in different proportions was demonstrated 
in the jaw adductor, adductor operculi and red portion of levator operculi 
(Focant et aL, 1981). Four myosin isozymes were detected in fast and super 
fast muscle of toadfish, which with the exception of LCI and LC3 differed in 
several characteristics (Huriaux et al, 1983). LCs from either type of muscle 
are known to exhibit immunological specificity as well (Watabe et al, 
1983). LCI of several cyprinids, pike, swordfish, trout, eel and perch are 
known to immuno-cross-react with antibodies raised against carp myosin 
l.Cl (Huriaux and Focant, 1985). On the basis of immunological 
comparison, the occurrence of more than one type of myosins was 
demonstrated in several fish species, including some of the mullets, eels, 
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guppy and gold fish (Rowlerson et ai, 1985), which differed in their LC as 
well as in HC contents. Ochiai et al. (1990) compared the 2-D peptide maps 
of 16 fish species and noted that the addition of a peptide to N-terminal of 
A-1 accounted for the low level species specificity of this chain. 
There are indications that molecular genetics of fish myosin LCs may 
be somewhat different from other vertebrates. For instance, in higher 
vertebrates LCs are the product of alternative splicing while mullet LCs are 
encoded by two different genes (Dalla-Libera et al, 1991). A similar 
inference has been made by comparing transcripts of carp light chains 
(Hirayamae/a/. , 1997). 
Existence of MHC isoforms in several fish species with differing 
electrophoretic mobilities was reported by Martinez et al. (1989), while 
peptide mapping was employed by Scapolo and Rowlerson (1987). In 
Barbus barbus, a single type of MHC was found in trunk; but two types in 
head muscle. Heterogeneity of myosin subunits was also discovered in white 
and red muscle of several African cichlids (Focant and Vandewalle, 1991). 
Characteristic MHC isoforms exist in white, red and ventricular muscle of 
Barbus sp. (Huriaux et al, 1991). Polymorphism has also been documented 
in MHCs of white musculature of five species of Barbus (Huriaux et al. 
1992). In particular, Barbus barbus could be discriminated from B. 
conchonius on tiie basis of different MHC isotypes of white skeletal muscle. 
Among different muscle-types of a number of freshwater fish species, four 
types of MHCs were detected in white muscle, two in pure red muscle and 
four in intermediate muscle (Karasinski, 1993). 
Development-dependent expression of different myosin isoforms were 
detected in individual developing myofibrils (Huriaux and Focant, 1990). 
Different myosin isoforms have been discovered during the development of 
Barbus and Dicentrarchus labrax (Focant et ai, 1992; Focant et al., 1995). 
The two other species, where developmental expression of different myosin 
isoforms/heavy chains has been documented are : Oncorhynchus mykiss and 
rainbow trout (Focant et al., 1994; Coughlin et al., 2001). In rainbow trout, 
the expression of MHCs was reduced from three isoforms in red muscle of 
parr to one in red muscle of adult rainbow trout (Coughlin et al., 2001). 
Differences of only minor nature in LC3f characterized white muscle during 
post-larval growth in gilthead sea-bream (Isani et al., 2000). 
Employing cDNA cloning, primary sequence of a number of MFlCs 
has been elucidated. Nucleotide sequence of different MHC isoforms from 
carp acclimated to different temperatures was reported by Imai et al. (1997). 
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The list of the species whose MHCs have been cloned and sequenced 
includes : walleye Pollack (Ojima et al., 1998; Togashi et al, 2000), carp 
multiple isoforms (Kikuchi et al, 1999), white croacker fast skeletal muscle 
(Yoon et al., 2000) 
Properties of Fish Myosin and other Myofibrillar Proteins : 
There exists a large body of evidence that supports relative unstability 
of fish myofibrillar proteins. Specifically, skeletal muscle myosins of low 
temperature inhabitants are highly thermolabile (Connell, 1961) and difficult 
to obtain with good properties without the protective effect of actin {i.e., as 
actomyosin). 
Highly purified myosin from Tilapia and carp {Cyprinus carpio) were 
prepared by Takashi (1973) and demonstrated to differ in thiol contents, 
apart from a pronounced thermolability of their Ca^"^-ATPases. Studies on 
the relative instabilities of myosin or myofibrillar ATPases have been 
extended to several other fish species of varying habitats including 
cpipelagic and mesopelagic fish species (Arai et al., 1973; Arai et al., 1976; 
Uchiyama et al, 1978; Hashimoto et al, 1982; Yamamoto et al, 1989). 
Unstability of Antarctic fish myosin was reported by Johnston et al. (1975). 
Several aspects of physicochemical properties showing specificity of carp 
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myosin including lower helical contents, different types of filament 
formation in vitro and dissociation of LCs at the temperature lower than that 
required for rabbit were reported by Hasnain et al. (1979). In comparison 
with the stable homologue in rabbit, carp myosin forms different protein-
amphiphile complexes with SDS (Samejima et al., 2002). 
Using differential scanning calorimetry and circular dichroism, the 
differences in enthalpy and lowering of a-helical contents of several fish 
myosins were reported by Ogawa et al. (1993). In comparison with rabbit, 
differences in enthalpy, entropy, free energy and helical contents had already 
been reported in carp (Hasnain et al, 1979). One of the two recorded 
exceptions is tuna actomyosin, which is equipped with an insulatory 
mechanism to keep body temperature higher than that of the ambient to meet 
the fast swimming requirement (Hasnain et ah, 1973). Elasmobranchs 
represent another exception, where urea tolerance of their myofibrillar 
protein was of higher order and magnitude as compared to their 
thermostabilities (Arai et al., 1976; Hasnain and Yasui, 1986; Kanoh et al., 
1999). 
Preparation and some properties of HMM from carp, tilapia and tuna 
have been reported (Hasnain, 1978; Kimura et al, 1979; 1980). Though 
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amino acid composition was similar to that of rabbit HMM, differences 
existed in the extent of DTNB and NQS incorporation (Hasnain and Yasui, 
1986). In most of the properties such as KCl concentration dependence, 
effect of ycCMB, kinetic parameters and Arrhenius activation energies, these 
preparations resembled the corresponding properties of rabbit HMM. Rods 
from myosins of scallop, fish, frog and rabbit were compared for several 
physico-chemical properties by Rodgers et al. (1987) and shown to possess 
the profiles parallel to their respective myosins. Kato and Konno (1993) 
v^ere able to identify a carboxy terminal 40 kDa fragment of carp rod that is 
its filament forming domain. Hamai and Konno (1990) extended the 
investigations to S-1 from tilapia and carp showing distinct effects of heating 
on light chain release and turbidity increase. Konno et al. (2000) also 
showed that myofibrillar heating can introduce structural changes in 
Cyprinus carpio myosin rod. 
Adaptive Trends in Fish Myosins : 
The general unstability of fish myosin reviewed above lead to the 
conclusion that it is an inverse reflection of structural flexibility of myosin 
molecule in relation to the lower temperature regimens. Following 
subsequent advances, specifically in DNA sequencing, it became abundantly 
clear thai so far as myofibrillar proteins are concerned, the most important 
factor in short as well as long term adaptation strategies is indeed the 
temperature (Watabe, 2002). 
Carp and goldfish have been recognized as eurythermal temperate 
species representative of short term category changes. Adaptive strategy in 
them rests on expressing different MHCs during acclimation (Gerlach et al, 
1990; Turay et al, 1991; Watabe et al, 1992). Hwang et al (1991) 
demonstrated that the differences in the peptide maps associated with 
structural changes in the myosin molecule following temperature 
acclimation, in fact, extend to both the rod and head (S-1) portions. By 
preparing proteolytic fragments, Watabe et al (1992) showed that different 
types of myosins are isolated from carp acclimated to 10°C and 30°C. 
Hirayama and Watabe (1997) showed that acclimation at different 
temperatures can induce the expression of different isoforms of myosin 
heavy chains in mirror carp and that the proteolytic subfragment-1 (S-1) 
derived from them have different structural properties in the cross-bridge 
head. The same group of investigators also reported that actin-S-1 cross-
bridges formed at cold and warm temperatures depend on specific isoforms 
synthesized at these temperatures which differ in substructure of their MHC 
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((uio el al., 1994; Watabe et al., 1994). The information was further 
extended to demonstrate variations in primary sequence of carp LMMs from 
carp muscle myosin acclimated to different temperatures. It has also been 
reported that temperature dependent synthesis of different isoforms exhibit 
altered motor function of myosin which compensate for the ambient 
temperature. 
Metabolically, superficial red fibers, which run parallel along the axis 
of the body in the lateral line region, have a high oxidative enzyme activity 
and are specialized for low speed cruising (Rome, 1990). Intermediate 
oxidative properties are characteristic of the pink fibers and white muscle is 
made up of fast glycolytic fibers, mainly recruited for short burst of 
maximum speed and makes up the bulk of the myotomal musculature (Bone, 
1978; Higgins, 1990). Several good reviews are available on physiological 
aspects of red, pink and white muscle in various teleosts (Johnston, 1982; 
Crockford and Johnston, 1990; Goldspink, 1998). Electromyogenic records 
from swimming fish are also available which support correlation between 
swimming speed and different muscle-types (Bone, 1978; Rome et al., 1984; 
Rome, 1990). It has further been shown that the myofibrillar Mg^^'-ATPase 
activity of carp fast-muscle markedly changes following temperature 
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acclimation, while Ca'^ "^  and K^ (EDTA)-ATPase activities do not change so 
much (Watabc el a!., 1989; Hwang et al, 1990). The changes were solely 
attributed to the type of MHC expressed under a specific condition of 
acclimation. 
Statement of the Problem : 
Fishes constitute almost 40% of the vertebrate fauna exhibiting 
extensive diversity in adaptive as well as morphological traits. One of such 
specialized groups is contributed by air-breathing fishes which have evolved 
to tolerate low oxygen tensions with the help of an air-breathing organ 
(ABO), or do not altogether depend on such structures (Almeida-Val and 
Hochachka, 1995; Chippari-Gomes et ai, 2003). Air gulping with the help 
of ABO is an ancient vertebrate specialization that is suggested to have 
appeared during late Silurian Period, 438-408 million years ago, long before 
the evolution of amphibians (Graham, 1997). 
From the view point of comparative studies, oxygen, carbon dioxide 
and other ligand binding properties of blood or hemoglobin, respiratory 
properties and isozyme profiles have been the most investigated systems of 
air-breathing fishes (Graham, 1997). The published evidence on muscle 
suggests a correlation between the down-regulation of key glycolytic 
enzymes and the adaptation to hypoxia in fishes (Almeida-Val and 
Hochachka, 1995; Hochachka et al., 1998). The information dealing with the 
enzymatic and structural aspects of skeletal muscle myosin of air-breathing 
fish species is, however, quite scanty and worth investigating. Moreover, 
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interspecies genetic variability and the chemo-functional properties of 
si<eletal muscle myosin of any Indian fish species are yet to be worked out. 
It was envisaged that by comparing the biochemical properties of 
myosin heavy chains (MHCs) and natural actomyosin (NAM) of air-
breathing fishes with water-breathers, it may be possible to explain the 
specificity of biochemical properties in terms of adaptive trait of air-
breathing. The selected air-breathing species are : a snake head Channa 
punctatus, the catfish Clarias batrachus and eel-shaped Mastacembelus 
armatus. Out of them, C. batrachus possesses the most sophisticated air-
breathing organ (ABO) followed by C. punctatus. Though M armatus is a 
behavioral air-breather, it apparently lacks any specialized structure. Two 
carps Labeo rohita and Catla catia were taken as representative water-
breathers. The main objectives are listed below: 
1. To document interspecies as well as intraspecies heterogeneity 
(polymorphism) among the MHC isoforms from various muscle-types of 
selected fish species to determine the size of their multigene families. 
2. To identify peptides which uniquely identify each MHC isoform by 
peptide-mapping. 
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3. To work out diversity among biochemical properties to correlate 
structural specificity and their respective adaptabilities. 
4. By using specific activities of lactate dehydrogenase (LDH) as the 
metabolic marker, to evaluate normal catalytic inputs of skeletal muscle 
myosin or natural actomyosin-ATPases of investigated air-breathing 
species. 
MATERIALS 
AND 
METHODS 
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MATERIALS AND METHODS 
1. A . S O U R C E O F C H E M I C A L S 
B . A B B R E V I A T I O N S U S E D 
2 . K E Y T O I N D I A N F I S H S P E C I E S U S E D I N T H E P R E S E N T S T U D Y 
3 . S A M P L I N G 
A. Locations of Sampling 
B. Procurement 
4 . G E N E R A L M E T H O D O L O G Y 
A. Protein Estimation 
B. SDS-Polyacrylamide Gel Electrophoresis (SDS-
PAGE) 
C. Staining 
a) With C o o m a s s i e Br i l l i an t B l u e ( C B B ) 
b) With Si lver N i t r a t e 
D. Documentation 
E. Determination of LDH activities 
5 . M Y O S I N R E L A T E D P R O T O C O L S 
A. Preparation of Satural Actomyosin (NAM) 
B. Preparation of Myosin 
C. Purification of Myosin 
6 . PuRii I C A T I O N O F M Y O S I N H E A V Y C H A I N S ( M H C S ) 
A . ( i ) IVith ammonium chloride 
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( i i ) With lithium chloride 
B. Purification of individual electromorphs from natural 
source by preparative gel electrophoresis 
C. Detection of Polymorphism of MHCs 
7 . M O L E C U L A R W E I G H T E S T I M A T I O N 
8 . A S S A Y O F A T P a s e A C T I V I T I E S 
9. SoLUB/L /TY DETERMINATION 
1 0 . T H E R M A L T R E A T M E N T 
1 1 . T U R B I D I T Y M E A S U R E M E N T S 
12. a - C H Y M O T R Y P T I C DIGESTION OF ACTOMYOSINS 
1 3 . P E P T I D E M A P P I N G O F M H C S B Y a - C H Y M O T R Y P S I N 
1 4 . D E T E R M I N A T I O N O F L A C T A T E S E N S I T I V I T Y 
1 5 . U R E A D E N A T U R A T I O N 
L A . S O U R C E O F C H E M I C A L S : 
Name of Chemical 
A c r y l a m i d e 
Adenosine 5' triphosphate 
Ammonium molybdate 
Bis-acrylamide 
Bovine serum albumin 
Bromophenol blue 
Coomassie brilliant blue G250 
Calcium chloride (CaC^) 
Ethylene diamine tetra acetic acid 
Glycerol 
Glutaraldehyde 
Methano! 
Sodium dodecyl sulphate 
Phenyl methane sulphonyl fluoride 
Potassium chloride 
Silver nitrate (AgNOs) 
TLCK treated a-chymotrypsin 
TEMED 
Trichloro acetic acid 
Tris (hydroxymethyl) aminomethane 
1 -Amino-2-naphthol-4-sulphonic acid 
2-mercaptoethanol 
Source 
Sigma Chemicals (USA) 
Sigma Chemicals (USA) 
CDH Chemicals (India) 
Sigma Chemicals (USA) 
Sigma Chemicals (USA) 
Sigma Chemicals (USA) 
Sigma Chemicals (USA) 
Qualigens Fine Chemicals (India) 
Qualigens Fine Chemicals (India) 
Qualigens Fine Chemicals (India) 
Loba Chemie 
Merck / Qualigens Fine 
Sigma Chemicals (USA) 
Sigma Chemicals (USA) 
Merck 
s.d. fine-chem. Pvt. Ltd. 
Sigma Chemicals (USA) 
Sigma Chemicals (USA) 
CDH Chemicals (India) 
Sigma Chemicals (USA) 
CDH Chemicals (India) 
CDH Chemicals (India) 
Routine chemicals such as acids etc. were of Analytical Grade (AR) Grade. 
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B . A B B R E V I A T I O N S U S E D : 
A B O Air-breathing organ 
AM Actomyosin 
A I T Adenosine 5' triphosphate 
BPB Bromophenol blue 
BSA Bovine serum albumin 
CBB Coomassie brilliant blue 
DTNB 5, 5-Dithiobis (2-nitro benzoic acid) 
EDTA Ethylene diamine tetra acetic acid 
HC Heavy chain 
HMM Heavy meromyosin 
kDa kilo Daltons 
I X Light chain 
LDH Lactate dehydrogenase 
LMM Light meromyosin 
MHC Myosin heavy chain 
M, Molecular weight 
NAM Natural actomyosin 
NQS /?-Naphthoquinone-4-sulphonic acid 
PAGE Polyacrylamide gel electrophoresis 
p C M B para Chloro mercuric benzoate 
PMS Phenyl methane sulphonyl f luoride 
SDS Sodium dodecyl sulphate 
T E M E D N.N.N .N -Tctra methyl ethylene diamine 
TLCK .V-'Fosyl-L-lysine chloromethyl ketone 
Tm Tropomyosin 
Tn Troponin 
Tris Tris (hydroxymethyl) aminomethane 
UV-DS UV-difference spectra 
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2 . K ^ ^ T o I N D I A N F I S H S P E C I L S U S E D I N T H E P R E S E N T S T U D Y : 
I he fishes were identiHed accoiding to the key given by Snvastava (1980) and 
classification adopted b) him was followed 
a) Channa punctatus (Bloch): 
Order Perci formes 
Sub Order Channoidei 
Family Channidae 
Genus Channa 
Species punctatus 
Vcniial 2/3"'to SM'*" length ol pectoial Pectoial without transverse bands and with uniform 
coloialion Presence of several bands oi patches from back pass down the abdomen 
b) Clarias batrachus (Linn.): 
Order Siluriformes 
Family Claridae 
Genus Clarias 
Species batrachus 
Biownish black in coloi, having four pans of barbells, the nasal barbell reach the occipital 
piocess, the maxillary run up to the middle of pectoral and the mandibular up to the base of 
It Pectoial fin reach up to the commencement of the dorsal and spine is finely serrated 
Dorsal fin is veiy long and the caudal fin is free 
c) Mastacembelus armatus (Lacepede): 
Order Perciformes 
Sub-Order Mastacembeloidei 
Family Mastacembelidae 
Genus Mastacembelus 
Species armatus 
i^()d\ IS jaiiK elongated and eel-shaped \\ idth of the body is 2/3 its height The dorsal 
spines commence over the middle ol ihc pectoral fm, and increase m size from anal to 
postenoi Vertical fins arc confluent uitii anal fin, the caudal fm is rounded There is row 
ol black spots along the base ol doisal lln 
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d) Labeo rohita (Ham.): 
Order: Cypriniformes 
Sub Order: Cyprinoidei 
Family: Cyprinidae 
Genus: Labeo 
Species: rohita 
Bluish black along the back, becoming reddish black along the sides and silvery beneath. 
Dorsal profile is more convex than that of abdomen, lips very thick and fringed with a 
distinct inner fold. A short thin maxillary pair of barbels is present. Dorsal fm with its 
upper edge is moderately concave and rises about the mid way between the snout and the 
base of caudal fin. Ventral fin is inserted below the third or fourth dorsal ray. Caudal fin is 
deeply forked. Body having large scales. 
e) Catia catia (Ham.): 
Order: Cypriniformes 
Sub Order: Cyprinoidei 
Family: Cyprinidae 
Genus: Catia 
Species: catia 
Greyish above becoming silvery along the side and beneath. Mouth is wide and the lower 
jaw is prominent. Barbels are absent. Dorsal fin commences slightly in advance of the 
ventral fin. Pectoral fin is located slightly behind the ventral fin, and the ventral fin reaches 
up to the anal fin. Anal fin extends to the base of the caudal fin, which is forked. Lateral 
line is complete and starts from the upper margin of the gill cover. 
3 . S A M P L I N G : 
A . Locations of Sampling: 
All fish samples used in the present work were purchased from local fish 
markets of Aligarh and nearby districts of Bulandshahr, Badaun, Bareilly 
and Moradabad in the State of Uttar Pradesh. 
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B. Procurement: 
Air-breathing fish species were brought alive from sampling locations 
without additional aids. The major carps {Labeo rohita and Catla calla) 
needed oxygen filled water bags and were transported under this condition 
from nearby site of Panethi 30 Km away from the University campus. Total 
numbers of samples of each species are given in Table-1. 
4 . G E N E R A L M E T H O D O L O G Y : 
A. Protein Estimation: 
Protein concentration of NAMs was estimated by Biuret method using 
bovine serum albumin (BSA) as the standard. The absorbance was read at 
520 nm. 
Concentration of myosin was calculated by taking direct reading at 280/260 
nm using the following formula: 
Protein concentration (mg/ml)= A280 x 1.5 - A260X 0.75 
B. SDS-Polyacrylamide Ge! Electrophoresis (SDS-PAGE): 
Essentially the protocol of Laemmli (1970) was followed. For general 
screening of NAM as well as myosin samples the gels contained 10% 
acrylamide (acrylamide30%: bisO.8%), 1% SDS and 10% glycerol. 
Dimensions of the gel slabs were 100x150x1mm. 
Samples were prepared by mixing equal volume of a protein sample with 2x 
sample buffer (pH 6.8) (10% SDS, 2mM 2-mercaptoethanol, 15% glycerol, 
0.001% w/v BPB) as in original protocol. Gels were initially run at lOmA/gel 
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until the tracking dye entered the separating gel. The current was then raised 
to 25mA/gel and maintained throughout the entire duration of electrophoresis. 
In final concentrations, other solutions of SDS-PAGE system were: 
(i) Upper Tris : Tris Base, 0.125M adjusted to pH 6.8 with HCl. 
(ii) Lower Tr is : Tris Base, 0.375M adjusted to pH 8.6 with HCl. 
Just before polymerizing the gels, ammonium persulfate (10%) and TEMED 
were added to fmal concentrations of 0.3% and 0.03-0.05%, respectively. 
Running Buffer. (pH 8.3) was Tris-glycine (25mM and 0.25M, respectively). 
C . Staining: 
a) With Coomassie Brilliant Blue-R250 (CBB): 
Routinely. 0.25 gm% coomassie brilliant blue R-250 dissolved in methanol: 
acetic acid: ddH^O (5:1:5) was employed to stain the gels for general protein 
patterns. Destaining was carried out in 7% acetic acid. 
b) With silver nitrate: 
Silver staining of the gel was performed by the method of Oakley et al. 
(1980). The gels were sequentially treated with the following solutions as per 
the original protocol. 
i) Fixative 1: 50% methanol in 7.5% acetic acid 
ii) Fixative 2: 5% methanol in 7.5% acetic acid 
iii) Fixative 3: 10% glutaraldehyde 
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iv) Developer : 0 .05% citric acid; For each ml of 0 .05% citric acid, 5 fil of 
37%) formaldehyde solution was also added. 
v) S t a i n : 3.5 ml 0.09M NaOH; 53 ml concentrated N H OH and 8 ml 
> - 4 
of 20% AgNOs solution 
Mnal volume made up to 250 ml with distilled water. This stain had to be 
made just before use. 
The gels were incubated for 20 minutes in 300 ml of each fixative serially, 
followed by thorough rinsing in large volumes of distilled water. At least four 
such changes were made before the final overnight rinse. Gel was kept for >20 
minutes in the stain until optimal staining. Following washing with distilled 
water for 5 minutes it was allowed to develop till the bands of desired 
intensity appeared. Finally, it was fixed in 7%) acetic acid. 
The following destaining solutions were used: 
Solution A: NaCI, 11.1 g and CUSO4, 11.1 g were dissolved in distilled water 
and final volume made up to 300 ml. Just before use 2 5 % ammonia solution 
was added until the precipitate cleared to give a neat blue color. 
Solution B . 44 g of sodium thiosulphate was dissolved in 85 ml of distilled 
water and made up to 100 ml. 
Solution ( ' Kodak h>po cleaning agent, 20 g was dissolved in 800 ml of 
distilled water. 
Solution A and B (3:1) were mixed and diluted with an equal volume of 
distilled water. Gel was incubated in 100 ml of this solution until the 
background cleared. It was immediately rinsed with distilled water and 
incubated in solution C for 30 minutes followed by washing with large 
volume of distilled water. 
The gel was then washed twice with distilled water and stored in 7% acetic 
acid containing 5% methanol. 
1). Documentation: 
Morphological features of fresh specimens (shown under Item. 2) of the 
investigated species were examined and the total number used for MHC 
analysis is given in Table-1. Electrophoretic patterns of gels were documented 
on 125 ASA black and white negative films or by digital imaging. 
E . Determination of LDH activities: 
LDH activities were measured in both white and red skeletal muscles. 
Muscles were homogenized in chilled 50 m M Tris-HCl buffer (pH 7.5) and 
centrifuged at 15,000xg. Clear supernatant was saved and the LDH activities 
were measured according to the standard protocol of Bergmeyer (1974) using 
L-lactate as substrate. 
5 . M Y O S I N R E L A T E D P R O T O C O L S : 
A. Preparation of Natural Actomyosin (NAM) : 
NAM from all the fish species was prepared by the method of Arai el al. 
(1973). White skeletal muscle of anterior most dorso-lateral myotomes just 
behind the skull were dissected out and after wrapping in a polythene bag 
immersed in ice bath. Quality of preparations was monitored by SDS-PAGE. 
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B. Preparation of Myosin: 
Myosin extraction was performed according to tiie protocol of Hasnain el al. 
(1979) with the modification that prior to extraction myofibrils were washed 
twice with 5 mM MgC^-ATP. The final pellet was suspended in phosphate 
buffer (pH 8.5) to give a final concentration of 0.05 M followed by the 
addition of MgCb and ATP to give a final concentration of 0.1 M of each. 
The method gives very good yield with the minor contamination of actin. 
Inclusion of PMSF at each extraction step prevented the frequent cleavage of 
MHC that was otherwise observed due to apparent contamination of cellular 
proteases. 
C. Purification of Myosin : 
If desired, myosin was further purified by batching with DEAE-cellulose. 
Final myosin precipitate was dissolved in 0.2 M NaCl in 20 mM Tris-HCl (pH 
7.5) and mixed with DEAE-cellulose. The contents were diluted once with 20 
mM Tris-HCl (pH 7.5) and mixed gently. After 15 minutes with occasional 
percolation, the contents were centrifuged at low speed (500xg). After 
discarding supernatant DEAE-cellulose pellet was washed twice with 0.15 M 
NaCl as per the previous step. DEAE-cellulose pellet was, then, successively 
extracted with 0.2 M, 0.25 M and 0.3 M NaCl in 20 m M Tris-HCl buffer and 
the purity of the fractions was monitored by SDS-PAGE. 
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6 . P U R I F I C A T I O N O F M Y O S I N H E A V Y C H A I N S ( M H C S ) : 
A. (i) With ammonium chloride : 
It was done essentially as described by Wagner and Giniger (1981), with the 
modifications that instead of S-1, myosin was the starting material and buffer 
and thiol protector were different. After stirring for 1 h with 4.7 M NH4CI, 5 
mM ATP, 2 mM EDTA and 2 mM P-mercaptoethanol in Tris-maleate buffer 
(pH 7.0), MHC was precipitated out according to original protocol and the 
pellet exhaustively dialyzed against 0.5 M KCl in Tris-maleate buffer of pH 
7.0. 
(ii) With lithium chloride : 
2.4 M LiCI (instead of NH4CI) was used to dissociate light chains. All other 
components were the same as in (ij except that M H C was precipitated by 
adding tri-potassium citrate to a final concentration of 0.8 M (Lied and Von 
der Decken, 1985). Following dissolution in 0.2 M Tris-HCl buffer and re-
precipitation, extensive dialysis was carried out and any insoluble material 
removed by centrifugation at 15.000xg. 
B. Purification of individual electromorphs by preparative gel 
electrophoresis: 
Individual preparations of myosin from different muscle-types of selected fish 
species were screened in gels by 10% SDS-PAGE method of Laemmli (1970) 
with the modification that gels included 10% glycerol also. Gels were stained 
in CBB-R250 containing 5% methanol. M H C bands were visualized 
following 2 hr washing in distilled water and then placing the gels in cold. 
Individual gel pieces with MHC were crushed by smooth glass rods in the 
dialysis tubing in the presence of minute amount of solvent buffer and 
dialyzed in cold against the 2x Tris-HCl buffer (pH 6.8), containing 1 mM 2-
mercaptoethanol and 0.2 mM PMSF. Contents were centrifuged at 20,000 rpm 
and supernatant containing the MHCs was collected. 
C. Detection of Polymorphism of MHCs : 
It was essentially done according to the protocol of Giulian et al. (1983) with 
the modification that gels also contained 10% glycerol. Vertical slab gels 
(100x150x1mm) containing 8% acrylamide concentration 
(acrylamide:bis=200:l) in the separating and 4 % stacking gel 
(acrylamide:bis=20:l) were used to detect the extent of intra- and inter-
species polymorphism. 
7. M O L E C U L A R W E I G H T E S T I M A T I O N : 
(a) Molecular weights (Mr) of individual polypeptides resolved by SDS-PAGE 
were estimated by software analysis. GelPro software system (Cybernetics, 
USA) was employed for this purpose. Chicken N A M was used as the 
molecular weight marker. 
(b) Photoprints or gel-scans were subjected to densitometric analysis in order to 
estimate Mr or quantity of protein in individual bands employing the Scion-
Image software. 
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8 ASSA^ Oh ATPasc ACT IVITIES: 
Each value in the giaphs is an average of duplicate determinations of three 
diffeient pieparations 
A. Ca'^-ATPase activity was assayed in a reaction mixture that at final 
concent!ation contained 5 mM CaCh. ImM ATP and 20 mM Tns-maleate 
(pH 7 0) 01 fiis-HCI buffer (pH 7 5) and appropriate amount of protein 
(NAM, m.\osin oi MHC) When salt concentrations and pH values were the 
\ai iablcs ihc additions weie made according to the requirement of assay as 
described in the legend of lespective figures 
B. Mg'^-ATPase (Physiological ATPase) activity was estimated as described 
above, except that MgCK of the same molarity instead of CaCla was used m 
the reaction mixtuie 1 he reaction mixture, however, contained 0 001 mM 
calcium also More details are given in the legends of figures 
9 . S O L U B I L I R^ D h 1 I R M I ^ \ 1 I O N : 
Actomyosins and m>osins weie dialyzed for 3 hours against Tris-maleate 
buffer ol pH 7 5 w ith \ ar> ing molarities of KCI 1 he volume of dialysis buffer 
was 25 times the \o lume of protein solution In the alternate set of 
experiments molaiit\ ol kCI was constant (0 2 M) and pH values were 
vaiiables Any precipitate u a s removed by centrifugation at 15,000xg and 4°C 
for 30 minutes Protein concentrations in the supernatants were determined as 
described in subheading 4A 
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1 0 . I H C R M A L T R E A T M E N T : 
I he N A M s oi myosins were incubated at a known temperature for 
piedeteimined time intervals In some experiment pH was also used as the 
vaiiable The inactivation/denaturation was stopped by transferring the 
container tubes to crushed ice 
1 1 . T U R B I D I I Y M E A S U R E M E N T : 
luibidi ty of m>osins was recorded on G E N E S Y S - 1 0 UV-Visible 
Spectiophotometei at a wavelength of 340 nm 
1 2 . a - C M M O T R Y P T I C D I G E S T I O N O F A C T O M Y O S I N S / M Y O S I N S : 
Chymotryptic digestion was carried out according to the protocol of Weeds 
and Pope (1977) N A M s were digested m 0 3 NaCl 20 m M Tris-HCl, pH 7 5 
and ] mM 2-mercaptoethanol The protein to enzyme ratio was 50 1 for air-
bieathing species and 100 1 foi aquatic breathers Digestion was carried out at 
25"C for difieient timings Digestion was stopped by adding PMSF to a final 
concentration of 0 5 mM 1 he progress of digestion was monitored by 
lollowmg changes in C'd" - M P a s e activity and cleavage pattern on SDS-
poKacivldinidc gels 
1 3 . P E P I I D E M A P P I N G O F MHCs BN a - C H Y M O T R Y P S I N : 
M\osin heav\ chains isolated from the head, pectoral-fin and white and red 
skeletal musclcs weie electiophoretically purified in 10% gels according to 
Laemmli (1970), as described under sub-title 4B. After washing with distilled 
water and visualization under cold, M H C bands were cut out and processed 
according to protocol of Cleveland et al. (1977). The bands were then placed 
in gel-pockets with TLCK-treated a-chymotryps in . Subsequent steps 
including electrophoresis and interruption from "within-gel digestion" were 
also essentially the same as described by Cleveland et al. (1977). 
1 4 . D E T E R M I N A T I O N O F L A C T A T E S E N S I T I V I T Y : 
Keeping the volume of Mg^'^-ATPase assay mixture constant (outlined above), 
different amounts (in ^mol) of L-lactate were mixed jus t prior to adding 
protein (NAM). Parallel controls with the same molarit ies of L-Iactate were 
also run alongside. 
All the assays were carried out at 25°C and liberated Pi was estimated by 
method of Fiske and Subbarow (1925). Measurements were made at 640 nm 
on GENESYS-10 UV-Visible Spectrophotometer. 
1 5 . U R E A D E N A T U R A T I O N : 
White skeletal muscle myosin (1 mg/ml in 0.5 M KCl containing 20 m M Tris-
maleate buffer of pH 7.0) was mixed with equal vo lume of 2x urea solutions 
of a specific molarity. Thus, the final concentration of protein in the entire set 
of experiments was 0.5 mg/ml, while molarity of urea was also half that of 2x 
solution. Urea solutions also contained 0.5 M KCl with 20 m M Tris-maleate 
o f p H 7.0. 
RESULTS 
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RESULTS 
Numerical and Structural Diversity of Myofibrillar Proteins 
Including Myosin and Its Heayy Chain: 
(i) Polypeptide composition of white skeletal muscle 
actomyosins and myosins : 
SDS-PAGE patterns of white skeletal muscle natural actomyosins 
(NAMs) of the teleosts included in this study are shown in Fig. 2A. In order 
to identify light chains (LCs) by eliminating regulatory protein bands, 
NAMs were extensively washed with 50 mM Tris-HCl of pH 7.5. Additional 
identification is based on comparison with SDS-PAGE patterns of 
reasonably pure preparations of myosin which are devoid of regulatory 
proteins and consist of only LCs (Fig. 3). Following convention of 
identifying tropomyosin (Tm) and troponins (Tn) according to decreasing Mr 
values in SDS-PAGE, thin band below actin is taken as Tn and rather thick 
band next to Tn as Tm, respectively. Resolutions improved by including 
10% glycerol in gels and helped in further discriminating some of the low 
molecular weight components (Fig. 2B). 
As shown in Fig. 2B, visible differences amounting to ~1 kDa 
characterize Mr values of Tm from white skeletal muscle of investigated 
leleost species (Table-2). While Tm of both carps appears to carry the same 
M, value, that of C. batrachus migrates slower than the other homologues 
(Fig. 2B). 
In the decreasing order, Mr of the troponin components have been 
marked Tn-1 to 3, pending a functional identification as Tn-T, Tn-I or Tn-C, 
respectively, which are typical Tn homologues of vertebrate skeletal muscle. 
Specifically, Tn-1 that stacks between actin and Tm bands exhibits clear 
interspecies differences between Mr values (Fig. 2B). As further shown in 
TabIe-3, there are apparent interspecies differences in the amount, if not the 
number of Tn-like components, which stack in between various LCs. 
With the exception of NAM of L. rohita, which shows existence of 
four myosin light chains (LCs), all of the other species have three LCs, 
which according to their decreasing Mr have been numbered LCI-3 (Table-
2 and 3). LCI with Mr of 25 kDa is common to C. punctatus, C. batrachus 
and L. rohita, while LCI of M armatus and C. catia are similar in having Mr 
of 24 kDa. In contrast with interspecies heterogeneity shown by LC2, close 
resemblance among Mr values characterizes LC3. Suffix a is added to LC3 
of L. rohita that is common to other teleosts, while LC that is unique to this 
species is marked b (Table-2). 
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Stoichiometry of the polypeptides constituting each NAM has been 
compared in Table-3. 
(ii) Intraspecies polymorphism in myosin heavy chain (MHC) 
isoforms in white skeletal muscle of Channa punctatus : 
SDS-PAGE system of Giulian et al. (1983) was employed to 
discriminate MHC isoforms of various teleost myosins. In this system, 8% 
gels are routinely used to monitor charge-based differences among 
electrophoretic mobilities of MHCs. Inclusion of 10% glycerol in separating 
geis is the only modification made in the original protocol. 
Out of myosins from white skeletal muscle of five species, existence 
of two isoforms was revealed only in Channa punctatus (Fig.4). MHC 
polymorphs with slow electrophoretic mobility (Fig. 4, lane-3) is designated 
as 'a', while the other that migrates slightly faster as 'b' (Fig.4, lane-5). 
Further comparison of the differences in relative mobilities of MHC was 
made b\ loading their mix in lane-4 of Fig. 4A. The densitometric tracings 
of a and b isoforms and their mixture are shown in Fig. 4B. 
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(Hi) Polymorphism in MHC isoforms of various muscle-types 
in different fish species : 
Apart from white skeletal muscle, myosins isolated from other 
muscle-types of each teleost were also compared for expression of different 
MHCs. Figs. 5 and 6 show those results. Chicken N A M from pectoralis 
major is used as the marker (lane-M). The total number of MHCs, in 
different muscfe-types of the studied species, as identified by SDS-PAGE 
protocol of Giulian et al. (1983) is summarized in Table-4. 
Inter as well as intraspecies differences between MHC isoforms of 
different muscle-types are apparent from each figure. Chicken pectoralis 
major MHC has almost similar electrophoretic mobility as white muscle 
MHC of C. punctatus (Fig. 5A, lanes-1 and 2). MHC isoforms of head and 
pectoral muscle of C. punctatus (Fig. 5, lanes-4 and 5) are, however, 
different from each other. Its white and red muscle isoforms are also 
different; but in electrophoretic mobility, MHC isoform of red muscle of 
this species is similar to those of white muscles of C. batrachus and M 
arnmtus (Lanes-3, 6 and 10). Morphological features of M. armatus due to 
eel-like body are such that almost no other type of muscle except white 
could be isolated for analysis. MHC isoforms of red and head muscle of C 
batrachus may differ only slightly. The most distinct characteristic of this 
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species is the existence of two MHC isoforms in its pectoral muscle (Fig. 5, 
]ane-9). It will be demonstrated under "Peptide map comparisons" that the 
observed differences between MHC isoforms of different muscle-types have 
a structural basis. 
SDS-PAGE electropherograms reveal the existence of four isoforms 
in L. rohita, each of them being typical to individual muscle-type (Fig. 6, 
Table-4). Three MHC isoforms are detected in C. catla-, out of which MHCs 
of white and pectoral muscle share almost the same electrophoretic 
mobility (Fig. 6, Ianes-5 and 8). Each one of them is a single band-type. 
(iv) Intraspecies diversity in peptide maps of MHC isoforms of 
various muscle-types : 
MHC isoforms of different muscle-types were further compared by 
peptide mapping after digestion with TLCK-treated a-chymotrypsin. While 
preparing MHCs using LiCl method, the yield was not satisfactory, as 
considerable aggregation took place during precipitation step. Better results 
were obtained by using ammonium chloride as the LC dissociant. The 
preparations were further purified by preparative SDS-PAGE. After mild 
washing with distilled water only, MHC bands were cut out by visualization 
of SDS-protein complex at low temperature. Peptide maps obtained 
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following "within-gel digestion" protocol of Cleveland et al. (1977) are 
shown in Figs. 7-8. The ratio of MHC to a-chymotrypsin was 25:1 and runs 
were made in 15% gels as per the original protocol. Peptides were detected 
by silver staining. 
The number of bands was also monitored by GelPro software analysis 
and their respective molecular weight (Mr) calculated. The data showed (not 
included) the existence of a total of 46, 41, 44 and 46 peptides in MHC 
isoforms of C. punctatus, C. batrachus, L. rohita and C. catla isolated and 
purified from white, red, head and pectoral-fin muscles, respectively. A 
summary of peptides which are typically absent in peptide maps of a specific 
muscle-type is given in Tables 5-8. This presentation was regarded as more 
discriminating instead of complex tables of total number of the bands 
present in a particular map. Apparent position (Mr) of peptides which differ 
in different lanes of peptide maps are indicated by arrowheads (Figs. 7-8). 
Since M. armatus has almost white type of musculature, peptide maps of its 
MHC are compared with those of white muscle of other species in Fig. 8. A 
total of 32 bands were counted in chymotryptic digests of M. armatus by 
software analysis. 
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The intraspecies differences between the peptide maps of different 
muscle-types of each species are described below. 
Channa punctatus : 
Intraspecies diversity of peptide maps of different muscle-types of C. 
punctatus is shown in Fig. 7A. Unshared bands are marked by arrowheads in 
the figure. A comparison of Mr of peptides which are typically absent in 
MHC of a muscle-type is made in Table-5. According to this data white 
trunk muscle MHC isoform differs from red in lacking two peptides with Mr 
of 17 and 12 kDa, while red muscle MHC isoform is short of three peptides 
of 166, 116 and 14 kDa (Fig. 7A; lanes-1 and 2). In comparison with the 
above two types, head muscle MHC isoform lacks peptides with Mr of 76, 
31 and 19 kDa (Fig. 7A; lane-3). Pectoral muscle MHC isoform shows 
some structural similarity with the red muscle isoform in lacking peptides of 
Mr 166, 116 and 14 kDa. In addition, in comparison with all other MHCs, 
peptides of Mr 29 and 11 kDa are also absent in pectoral isoform (Fig. 7A; 
lanc-4). 
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CI arias batrachus: 
Peptide patterns of MHC isoforms isolated from four muscle-types of 
C batrachus are shown in Fig. 7B and Mr values of absent peptides 
summarized in Table-6. White and red muscle MHC isoforms are common 
in the absence of a peptide of 19 kDa; but, MHC isoforms of these two types 
of muscles also differ from each other. To be specific, peptides with Mr of 
167, 39, 13 and 10 kDa are absent in white and those with Mr of 164, 116, 
80 and 35 are absent in red muscle MHC isoforms, respectively (Fig. 7B; 
lanes- 1 and 2). Absence of a peptide with Mr of 136 kDa is characteristic of 
head muscle MHC isoform (Fig. 7B, lane-3), while it is similar to red 
muscle MHC in lacking peptides of Mr 164 and 80 kDa. Pectoral and red 
muscle MHC isoforms are also similar as lacking peptides with Mr of 116 
and 19 kDa are absent in them (Fig. 7B, lane-4). However, in comparison 
with all the other MHCs, three additional peptides with Mr of 74, 34 and 29 
kDa exist in pectoral muscle MHC isoform. 
Labeo rohita : 
Peptide maps of MHC isoform from four muscle-types of L. rohita are 
shown in Fig. 7C and molecular weights of absent peptides listed in Table-7. 
A common feature of white and pectoral muscle M H C isoforms (Fig. 7C, 
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lanes: 1 and 4) is the absence of peptides with Mr of 143, 39 and 14 kDa. 
White, red and pectoral muscle MHC isoforms, however, lack the peptide 
of 39 kDa (lanes 1, 2 and 4). Out of these three types, absence of peptides 
with Mr of 114, 28, 21, 15 and 12 kDa is the characteristic of red muscle 
MHC isoform (lane-2). Head and pectoral muscle MHC isoforms lack a 
common peptide with Mr of 28 kDa. Absence of peptides of 143, 39 and 14 
kDa is typical of pectoral muscle MHC isoform (Fig. 7C, lanes-4). 
Catla catla : 
Peptide maps of MHC isoforms from four different types of muscle of 
C. catla are shown in Fig. 7D. Table-8 summarizes the approximate Mr 
values of absent peptides. White muscle MHC isoform of C catla lacks 5 
peptides 149, 48, 41, 30 and 21, respectively, as compared to peptide maps 
of MHCs from other three of its muscle-types (Fig. 8D, lane-1). Out of them, 
absence of a 48 kDa peptide is shared with red muscle MHC; but the latter 
muscle-type (red) is typically devoid of 39 and 24 kDa peptides (lane-2). 
Head muscle MHC is typical (lane-3) in sharing the absence of 41 and 21 
kDa peptides with white MHC isoform. Peptide maps of pectoral and white 
muscle MHC isoforms share the absence of 149 and 30 kDa peptides. 
Remaining five peptides with Mr values of 45, 27, 23, 20 and 19 kDa, 
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respectively, are diagnostic to peptide map of MHC isoform of pectoral 
muscle of this species (lane-4). 
Mastacembelus armatus : 
Peptide maps of MHC isoforms of four species (from Fig. 7) 
described above and the white skeletal muscle MHC isoform of M. armatus 
are composed in Fig. 8 The molecular weight data of peptides absent in 
MHC isoforms of white skeletal muscle of all five species has been pooled 
in Table-9. 
Composite Fig. 8 further clarifies differences between white skeletal 
muscle MHC isoforms at interspecies level. A total of two, six, nine, three 
and four peptides are lacking in white muscle MHC isoforms of C. 
punctatus, C. bati'achus, M. armatus, L. rohita and C. catla respectively, 
(Table-9). Out of them close similarity (as far as the absence of bands is 
concerned) is shown by the peptide patterns of white M H C isoforms of C. 
batrachus and M. armatus (Fig. 8, lanes: 2-3; Table-9). White skeletal 
muscle isoforms of these two species share the lack of peptides having 
approximate Mr of 167, 19, 13, 11 and 10 kDa. Absence of a single peptide 
of Mr of 39 kDa is common to white muscle MHC isoforms of C. batrachus, 
M. armatus and L. rohita (Fig. 8, Table-9). Absence of 17, 12 kDa peptides 
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in C. punctatus, 136, 50 kDa in M. armatus, 143, 14 kDa in L. rohita and 
149, 48, 30, 21 kDa in C. catla is specific to MHC isoforms of each species. 
Biochemical Characteristics : 
In order to elucidate specific difference(s) between structural proteins 
of muscle from air-breathing and water-breathing teleosts, the following 
biochemical properties of myosin and natural actomyosin (NAM) were 
compared. 
(i) Specific Ca^^ and physiological (Mg^"") ATPase activities 
of white skeletal muscle myosins : 
Dependence of specific Ca^^ and Mg^"^-ATPase activities of different 
myosins as a function of molarities of KCl is compared in Fig. 9A and B. In 
this as well as all subsequent experiments assayed Mg^"^-ATPase is actually 
physiological ATPase, as the assay mixture included trace amount of Ca^ "^  
(0.001 inM). 
fhere is a general similarity in KCl-concentration dependence of 
specific ATPase activity profiles of myosins from white skeletal muscles of 
air- and water-breathing teleosts (Fig. 9). It is, however, evident that in the 
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presence of either of the cations, specific catalytic activity of myosins from 
air-breathing teleosts is lower as compared to water-breathers. 
The dependence of specific ATPase activities of muscle myosins on 
pH values is compared in Fig. 10. Though substantial differences in the rates 
of both Ca^^ and Mg^ "^  activated ATPases of air-breathing and water-
breathing teleost are apparent at pH values above 7.1, the magnitude of 
differences, progressively declines below 7.1 and becomes insignificant 
between pH range of 6.0-6.5 (Fig. lOA and B). 
(ii) Ca^^ and physiological (Mg^"") ATPase activities of white 
skeletal muscle natural actomyosins (NAMs) : 
The patterns of Ca^ "^  and Mg^'^-ATPase activities of white skeletal 
muscle natural actomyosin (NAM) on KCl concentration (Fig. 1 lA) closely 
resemble those of myosin ATPases of respective species (Fig. 9). 
Dependence of Ca^"^-ATPase activity on change in pH values is, however, 
peculiar in certain respects. Ca^^-ATPase of NAM from C. punctatus white 
muscle shows a progressive increase from pH 6.5 to 8.0 (Fig. IIB). 
Similarly, a pH dependent progressive increase, though of slightly higher 
magnitude, characterizes NAM of C. batrachus. Ca^^-ATPase of M. armatus 
NAM showed a maximum at 7.1 to 7.5. At low pH values, there is a general 
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decline in fish Ca^^-ATPase activity of NAMs of white muscle from both 
groups of teleosts. The trend is, however, entirely reversed at pH values 
above 7.1, where upon water-breather carps show typical increase in specific 
activities. Mg^"^-ATPase activities of NAM of the above species showed 
quite a similar pattern (diagram not shown). 
(Hi) Ca^^ and physiological (Mg^^-) ATPase activities of red 
muscle actomyosins : 
Specific activities of Ca^^ and physiological Mg^"^-ATPase of red 
muscle actomyosins of the two air-breathing teleosts were almost uniform 
between ionic strength of 0.05-0.15 M KCl (Fig. 12A and B). In contrast, 
both activities of water-breathing carps showed a decline from 0.5-1.5. 
Specific activities, however, remain higher in carps. Thus, pattern of specific 
activities of Ca^^ and Mg^^-ATPase of red muscle actomyosins do not 
substantially differ from those of white muscle actomyosins. No distinct 
bands of red muscle exist in M. armatus. 
Similarly, with respect to KCl concentration and pH dependence, Ca^' 
and Mg^^-ATPases of red muscle NAMs (Fig. 13A and B) closely resemble 
the pattern recorded for white muscle actomyosin ATPases. The diagnostic 
feature is that at pH values <6.5 catalytic rates of air-breathing as well as 
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water-breathing teleosts, are resembling, while raising pH values increases 
the difference between two groups (due to higher rates typical of water-
breathers). 
(iv) Effect of micromolar quantities of lactate on physiological 
(Mg^'^-ATPase) activity of natural actomyosin of white 
skeletal muscle : 
It was investigated by adding 1 to 15 micromoles of lactate and 
assaying physiological ATPase. In one set of experiments Na-lactate was 
used (Fig. 14A), where pH of L-lactic acid was adjusted to 7.0 with sodium 
carbonate; while in an alternate set (Fig. 14B), ATPase was assayed by 
adding L-lactic acid as such. In contrast with the specific ATPase activity 
data shown in Fig. 9, C. punctatus and C. batrachus myosin ATPases 
showed higher rates in comparison with water-breathing carps. In either 
case, after apparent activation at 5 )iM lactate, specific activities tend to 
decline as the concentration of Na-lactate is raised. When only L-lactic acid 
was added, despite lower rate shown by ATPase of C. punctatus and C. 
batrachus at 1 |j.M, a progressive increase followed further addition of L-
lactic acid. The specific activities of carps showed a decline as the 
concentration increased beyond 5 |iM. Mg^^-ATPase of M armatus is 
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typical in maintaining nearly uniform rates of specific activities whether it is 
the increasing concentrations of Na-lactate or that of L-lactic acid. 
(v) KCl-concentration and pH dependence of solubility 
profiles : 
As shown in Fig. 15A, solubility of myosins from white skeletal 
muscle of air-breathing teleosts appears to be relatively higher at ionic 
strengths lower than 0.2 M KCl. Though with minor variations, a similar 
pattern is evident from pH dependence of solubility profiles of fish myosins 
(Fig. 15B). 
(vi) Effect of thermal incubation : 
Relative thermal stabilities of Ca^'^-ATPases of NAM and myosin of 
white skeletal muscle were also compared. As shown in Fig. 16, relative 
stability of NAM as well as myosin Ca^'^-ATPases of three air-breathing 
teleosts (C. punctatus, C. batrachus and M armatus) show common 
characteristic of being stable, while ATPase of water-breathing carps {L. 
rohita and C. catla) are remarkably unstable. Rate constants of inactivation 
(k|)) of myosin as well as NAM Ca^^-ATPases are compared in Table-10, 
which show higher values observed for cai*ps. 
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Relative inactivation pattern observed for Ca^'^-ATPase activities of 
white skeletal muscle myosins of air-breathing teleosts and two carps is also 
supported by the course of turbidity changes during progressive denaturation 
of myosin (Fig. 17). 
(vii) a-Chymotryptic digestion of NAMs : 
Effect on NAMs of air-breathing teleosts 
One way of elucidating the differences in myofibrillar proteins, in 
particular the constituent myosins, is to probe substructural differences by 
limited protease digestion. During the present investigations, partly 
precipitated NAM (0.3 M KCl) was digested with TLCK-treated a-
chymotrypsin. The hydrolysis was followed by : (/), monitoring changes in 
Ca^^-ATPase activity and {it), the changes in submolecular structure with the 
help ofSDS-PAGE. 
As shown in Fig. 18A, at a protein to chymotrypsin ratio of 50:1, 
digestion of NAM of air-breathing fish species results in an increase in Ca^^-
ATPase activity reaching a level of 160-170% within about 10 min. Species 
specificity of the pattern is apparent in the activation as well as inactivation 
of enzymatic activity due to differences in the extent of cleavage of MHC 
(Fig. 18B-D). Ca^^-ATPase of C. batrachus NAM shows the highest 
sensitivity, as after 30 min of incubation with protease, it starts to decline 
and reaches a minimum within 1 hr. 
A progressive cleavage of myosin heavy chains (200kDa) coincides 
with the observed changes in ATPase rates of all three NAMs (Fig. 18B-D). 
MHCs are converted into fragments (polypeptides) of 70 to 158 kDa in the 
upper range of Mr with a progressive increase in the relative intensities of 
- 9 0 and ~70 kDa bands. A gradual digestion of actin band (46 kDa) is also 
obvious. In addition, a couple of bands of low molecular weight between 12-
39 kDa also appear, which due to low intensity could not be satisfactorily 
reproduced. 
Effect on NAMs of carps 
Because the initial experiments showed an activation of very low 
mtensity m Ca^'^-ATPase activity during digestion of NAMs of carps at a 
ratio of 50:1 (NAM : chymotrypsin), digestion of their NAMs was 
investigated at a low concentration of chymotrypsin (NAM : chymotrypsin 
ratio 100:1). For Ca^'^-ATPase of L. rohita and C. catla NAMs, at this ratio, 
a reasonable activation of about 130-145% is observed within first 10 min 
(Fig. 19A). 
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SDS-PAGE patterns reveal a general similarity in the cleavage pattern 
of NAMs of the two carps (Fig. 19B-C). In either case, cleavage into 
subfragments of 70-130 kDa occurs. Apparently, fragments of ~46 kDa are 
also being released in case of L. rohita, since no decrease is visible in the 
intensity of actin band despite digestion for 2hr (Fig. 19B). As evident by 
slight thinning of actin band during the course of digestion and the trail of 
several low Mr fragments, NAM of C. catla appears to be more susceptible 
to chymotryptic hydrolysis than that of L. rohita. 
(viii) UV-difference spectra (UV-DS) of white skeletal muscle 
myosins : 
DEAE-cellulose purified myosins were used for this purpose. As Fig. 
20 shows, there is general similarity between UV-DS of L. rohita and C. 
catla, while the spectrum of C. batrachus resembles that of C. punctatus 
myosin. Peaks con-esponding to phenylalanine and tyrosine are distinct in 
the spectra of the two air-breathing species. The spectrum of M armatus 
was however, different from the other four species in showing a deep trough 
at 252 nm, a shoulder at 272 nm and the main peak at 280 nm. However, the 
trough in A A at 252 was minimally present in C. punctatus and C. 
batrachus, though minor peaks at 252, 260 and 270, typical of phenylalanine 
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existed. UV-DS of myosin of any of the species do not level off after 275 
indicating the presence of tryptophan residues, though in different quantities. 
Similarly minor peaks show the presence of tyrosine (at 280 nm) in these 
two species. In each case sloppy shoulders may be indicating the presence of 
tryptophan residues, though in low number. In general, UV-DS of the two 
carps resemble closely, as do UV-DS of C. punctatus and C .batrachus. 
(ix) Effects of varying concentrations of urea on UV-DS of 
white skeletal muscle myosins : 
It was followed by monitoring changes in UV-DS after incubating 
individual myosin for 2hr. with different molarities of urea at room 
temperature (25°C). 
Apparently minor conformational changes characterize perturbation of 
phenylalanine residues in the two carps (Fig. 21 A). The perturbation in C. 
punctatus and C. batrachus was however, several times higher in order of 
magnitudes. Similar to the spectral behaviour control, positive as well 
negative spectral changes were diagnostically shown by M. armatus myosin 
when incubated with urea. The changes in AA at peaks typical of 
phenylalanine, tyrosine and tryptophan are further elaborated in Figs. 21-
23). 
PACX 
(x) Comparison of specific LDH activities in white and red 
muscle extracts : 
Since LDH is an established marker of anaerobic metabolism and 
down regulation in it is regarded as a characteristic of some air-breathing 
fishes, it was decided to use it as the control to determine whether it can 
serve as up- or down-regulation index of muscle of the investigated fish 
species. The results using L-lactate as substrate are plotted in Fig. 24. As 
shown therein, specific LDH activity of red muscle is lower than that of 
white muscle for each air as well as water breathing teleost. It is also evident 
that air-breathing teleosts have a down-regulatory trend in comparison with 
that of the water-breathing carps, though the rates may be specific. 
Fig. 1 : Photographs giving a view of external morphology of 
different fish species used in the present study : air-
breathing snake-head Channa punctatus (A), catfish 
Clarias batrachus (B), and eel-like Mastacembelus 
armatus (C). D-E are carps Labeo rohita (Rohu) and 
Catla catla (Katla), respectively. 
Key is given under Materials and Methods. 
Fig. 2 A: Typical SDS-PAGE patterns of natural actomyosins 
(NAMs) from white skeletal muscle of air-breathing fish 
species and carps obtained after repeated washing with Tris-
HCl. Unwashed chicken NAM is included as marker. 
Runs were made in 10% gels in the system of Laemmli (1970) as 
per details given under Materials & Methods. Gels contained no 
glycerol. 
B: Unwashed NAMs, but run with the modification that gels 
contained 10% glycerol. 
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Fig. 3 : SDS-PAGE patterns of white skeletal muscle myosin 
of air-breathing fish species and carps. Gels were 10% 
and contained 10% glycerol. Lane M is the marker 
Chicken NAM. 
Other details the same as in Fig. 2. 
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Fig. 4A: SDS-PAGE patterns of MHC isofonns showing an apparent 
polymorphism in murrel, Channa pmctatus Bl. Lane-3 is 
the slow migrating polymorph 'a' and, lanes 1-2 and 5-6 are 
fast co-migrating MHC polymorph designated as 'b'. Lane-
4 shows the pattern after mixing of 'a' and 'b' in equal 
amounts. Protocol of Giulian et al. (1983) was followed 
using 8% gels which were 10% in glycerol also. 
B: Scion-Image software tracings showing differences in 
electrophoretic mobilities relative to midpoint of MHC 
bands (broken line) of Fig. 4 A. 
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Fig. 5 A: SDS-PAGE patterns o f MHC isoforms from different muscle types 
of air-breathing fish species, C. punctatus (Lanes: 2-5). Clarias batrachus 
(Lanes: 6-9) and white muscle o f Mastacembelus armatus (lane-10). 
Loading sequence is: lanes 2 to 5, white (W), red (R), head (H) and 
pectoral-fin (P) muscles. Lanes 6 to 9 are the corresponding muscle types 
o f C. batrachus loaded in the same sequence. Lane-1 is the marker, 
chicken MHC. 
B: Scion-Image software tracing o f MHCs isoforms irom diflFerent 
muscle types o f C. punctatus and C. batrachus as given above in A, 
confirming the diflferences in relative mobilities o f various isoforms. A 
summary is given in Table-6. 
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Fig. 6A: SDS-PAGE patterns of MHC isoforms from different 
muscle types of carps, labeo rohita (Lanes: 1-4) and Catla 
catla (Lanes: 5-8). Loading sequence is : lanes 1 to 4, white 
(W), red (R), head (H) and pectoral-fin (P) muscles. Lanes 5 
to 8 are the corresponding muscle types of C. catla in the same 
sequence. Lane-9 is the marker chicken MHC. Other details 
are the same as in Fig. 1. 
B: Scion-Image tracings of SDS-PAGE patterns of MHCs 
shown above in A, confirming the differences in relative 
mobilities of various isoforms. A summary is given in Table-6. 
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Fig. 7: Peptide maps of myosin lieavy chains (MHCs) obtained 
after "within-gel-digestion" with TLCK-treated a -
chymotrypsin in a ratio of 25:1. Protocol of Cleveland et 
al. (1977) using 15% SDS-PAGE was followed. Lane-M 
in each frame is undigested chicken actomyosin and Lane-
a-c is TLCK-treated a-chymotrypsin. 
A. Peptide maps of respectively white, red, head and 
pectoral-fin muscles of C. punctatus: Lanes, 1-4. 
B. Peptide maps of C. batmchus: Loading sequence of 
muscle types is the same as in A. 
C. Peptide maps of L. rohita. 
D. Peptide maps of C. catla. 
Arrowheads show the variable peptides. 
M l 2 3 
Fig. 8: A combined reproduction of peptide maps of white 
skeletal muscle MHCs of three air-breathers and two 
carps obtained after digestion with TLCK-treated a -
chymotrypsin in a ratio of 25:1. Lanes: 1-5 are : C. 
punctatus, C. batrachus, M. armatus, L. rohita and 
C. catla. Lane-M in is undigested chicken 
actomyosin. 
Details of protease digestion and SDS-PAGE are 
essentially the same as in Fig. 7. 
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Fig. 9: Effect of KCl concentrations on Ca'" (A) and Mg~"-ATPase 
(B) activities of white skeletal muscle myosins of air-
breathing fish species and carps. Each point is an average 
of duplicate assays of three different preparations. 
Assays were made at 25°C in 25 mM Tris-HCl (pH 7.4), 1 mM 
CaCla or MgCli, 1 mM ATP and 0.3 mg/ml protein, while 
concentration o f KCl was varied. 
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Fig. 10: Effect of pH changes on Ca^^ (A) and Mg^^ -ATPase (B) 
aciiviiy of myosins of air-breathing fish species and carps. 
Assays were made at 25°C, 0.05 M KCl, 1 mM CaC^ or 
MgCl2, 1 mM ATP and 0.3 mg/ml protein concentration. 
25 mM Tris-maleate for pH 6.0 and 6.5 and, 25 mM Tris-
HCl for pH 7.1-8.5 were used. 
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Fig. 11: Effect of changing KCl concentrations (A) and pH (B) 
on Ca^^-ATPase activity of white skeletal muscle 
natural actomyosin (NAM) from air-breathing fish 
species and carps. 
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Fig. 12: Effect of changing KCl concentration on Ca~" (A) 
and Mg^^'-ATPase (B) activities of NAMs from red 
muscle of air-breathing fish species and carps. (No 
red muscle exists in M. armatus). 
Assays were made as described in legend of Fig. 9. 
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Fig. 13: Effect of changing pH on Ca^^ (A) and Mg^"-
ATPase (B) activities of NAlVIs of red muscle 
from air-breathing fishes and carps. 
Assays were made as described in legend of 
Fig. 10. 
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Fig, 14: Effect of micromolar quantities of Na-lactate of pH 
7.0 (A) and L-lactic acid (B) on Mg^^-ATPase 
activities of NAMs of air-breathing fishes and carps. 
Excepting the addition of Na-lactate or lactic acid, 
assay conditions were essentially the same as 
described for Fig. 10. 
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Fig. 15: Solubility profiles of white skeletal muscle 
myosins of air-breathing fish species and 
carps as the function of different salt 
concentrations (A) and pH values (B). 
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Fig. 16: Kinetics of inactivation of Ca^^-ATPase activity 
of white skeletal muscle myosins (A) and 
NAMs (B) of different fish species at 45 
Assays conditions for myosins (0.3 mg /ml) and 
NAMs (1.5 mg/ml) were the same as in Fig. 9 
and 10, respectively; with the modification that 
all assays were made at a pH of 7.0 in Tris-
maleate buffer. 
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Fig. 17: Turbidity profiles of white skeletal muscle 
myosins of air-breathing fish species and 
carps following heat denaturation 
(incubation) at 45°C. 
Aliquots for turbidity measurements were 
saved out of the same myosin solution that 
was used for ATPase assays. 
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Fig. 18 A: Changes in CaT -
ATPase during digestion with a -
chymotrypsin of NAMs from 
white skeletal muscle of three 
air-breathing fish species C. 
punctatus, C. batrachus and M 
armatus. The values are 
presented as percentage taking 
the activity of controls as 100%. 
NAM to protease ratio was 50:1. 
Conditions of ATPase assay the 
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same as in Fig. 9. 
B-D, SDS-PAGE patterns 
showing changes in sub-
molecular composition of 
polypeptides in NAMs of C. 
punctatus (B), C. batrachus (C) 
and M armatus (D) during the 
course of ATPase changes 
shown in A. 
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Fig. 19 A: Changes in Ca^^-
ATPase during digestion with 
a-chymotrypsin of NAMs 
from white skeletal muscle of 
two water-breathing carps. 
The values are presented as 
percentage taking the activity 
of controls as 100%. NAM to 
protease ratio was 100:1. 
Reason of using protease in 
lower ratio explained under 
Results. 
Conditions of ATPase assay 
the same as in Fig. 9. 
B-C, SDS-PAGE patterns 
showing changes in sub-
molecular composition of 
polypeptides in NAIVfe of L 
rohita (B) and C. catla (C) 
during the course of ATPase 
changes shown in A. 
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Fig. 20; A comparison of UV-difference spectra 
of controls of white skeletal muscle 
myosins of different tlsh species used 
in the present study. 
Myosin was dissolved in 0.5 M KCl 
that was also 20 mM in Tris-maleate of 
7.0 and 2 mM in p-mercaptoethanol. 
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Fig. 21A: Difference spectra showing the extent of 
perturbation in phenylalanine residues of different fish 
myosins as the functions of varying urea 
concentrations. 
B-C : AA changes in UV-DS shown on a expended 
scale to elaborate the differences between myosins of 
different teleosts. 
Equal amounts of 2 mg/ml myosin and 2x urea 
solution, 20 mM in Tris-maleate (pH 7.0) were mixed 
and incubated at 25°C for two hours prior to scanning 
at the wavelengths shown in Fig. 20. 
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Fig. 22: Difference spectra showing the extent of perturbation 
in tyrosine residues of different fish myosins as the 
functions of varying urea molarity. 
B -C : AA changes in UV-DS shown on a expended 
scale to elaborate the differences between myosins of 
different teleosts. 
Experimental conditions were the same as in Fig. 20. 
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Fig. 23: Difference spectra showing the extent of 
perturbation in tryptophan residues of different 
fish myosins as the functions of varying urea 
concentrations. 
B-C : AA changes in UV-DS shown on a 
expended scale to elaborate the differences 
between myosins of different teleosts. 
Other conditions were the same as in Fig. 20. 
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Fig. 24: Comparison of specific LDH activities in wliite 
and red muscle extracts of air-breathing fish 
species and carps. Lack of red bar in M 
armatus indicates absence of red muscle in it. 
Values are expressed as mean ± SD of duplicate 
determinations in extracts of five individuals. 
Experimental details under Materials and 
Methods. 
Table-1 : Details of fish samples analyzed for monitoring 
polymorphism of MHC isoforms of white skeletal 
muscle during the present study. Five individuals of 
each species for analysis of MHCs of other muscle-
types were also taken from these samples. 
Serial Name of Fish Size Males Females Total 
No. (cm) 
1 Channa piir.ctatus 20-25 30 72 102 
2 Mastacembelus 
armatus 
25-35 12 15 27 
3 Clarias batrachus 25-35 17 64 81 
4 Labeo rohita 25-35 09 13 22 
5 Catla catla 25-35 06 15 21 
Table-2 : Apparent molecular weights (kDa) of polypeptides 
composing white skeletal muscle NAMs of air-breathing 
teleosts and carps. Cross in the boxes indicates absence of 
polypeptide of corresponding Mr. 
C. C M. L. C. 
-punctatus bntrachus nrmatus rohita catla 
Heavy chain 200 200 200 2 0 0 200 
Actin 46 46 4 6 4 6 46 
Tropomyos in 39.5 40 39 .5 39 39 
Troponins 
T n l 43 42.5 X X 42 
Tn2 40 X 40 X 40 
Tn3 X X 18 20 20 
Light Chains 
l .Cl 25 25 24 25 24 
LC2 16 16.5 17 2 3 b 16 
LC3 15 15 15 16 15 
X X X 15a X 
Table-3 : Submolecular stoichiometry of polypeptides present in white 
skeletal muscle NAMs of air-breathing teleosts and carps. 
Values are expressed as mean ± SD of five samples 
analyzed from each species. Absence of polypeptides of 
con-esponding Mr is indicated by cross. 
C. C. 
punctntus batmchus M. armatus L. rohita C. catla 
Heavy chain 47±1.8 46.5±0.8 46±1.2 45±0.98 45±1.11 
Actin 25.67±1 25±0.58 24.58±0.39 24.75±1.08 24.59±0.86 
T i o p o m y o s m 10.85±0.88 10.3±1.6 11.15±0.95 10.54±1.1 10.48±1.34 
Troponins 
Tnl 2.56±0.32 3.71±0.32 x ' x 2.22±0.28 
Tn2 3.56+0,49 X 5.31 ±0.67 x 3±0.29 
•rn3 x x 1.81±0.18 3.52±0.29 3.8±0.62 
]-ight Clhains 
J.(-l 7.62±1.09 9.43±1.2 6.87±0.89 6.66±0.99 5.89±0.75 
2.56±0.22 2.58±0.3 6.87±0.87 4.92±0.66 b 4.02±0.38 
l.( ^  3.26±0.89 1.5±0.21 6.87±0.43 4.44±0.95 1±0.09 
X X X 3.48±0.35 a x 
Table-4 : Number of MHC isoforms discovered by SDS-
PAGE analysis (Figs. 2-4) in different 
muscle-types of fish species investigated in 
this study. 
Serial Fish species No. of MHC 
No. isoforms 
1 Channa punctatus 4 
2 Clarias batrachus 3 
3 Mastacembelus armatus 1 
4 Labeo rohita 4 
5 Catla catla 3 
TabIe-5 : Approximate molecular weights (Mr) of peptides 
absent in a-chymotryptic digests of MHC isoforms from 
different skeletal muscle-types of Channa punctatus. 
Estimation of molecular weights is based on GelPro 
software analysis. Other details are given in legend of 
Fig. 7. 
White Red Head Pectoral 
17 166 76 166 
12 116 31 116 
14 19 29 
14 
11 
Table-6 : Apparent molecular weights of peptides absent in the 
peptide maps of a-chymoti-yptic digests of MHC isoforms 
from different muscle-types of Clarias batrachus. 
^ White Red Head Pectoral 
167 164 164 116 
39 116 136 74 
19 80 80 34 
13 35 29 
11 19 19 
10 
Table-7 : Apparent molecular weights of peptides absent in 
peptide maps of a-chymotryptic digests of MHC isoforms 
from different muscle-types of Labeo rohita. 
White Red Head Pectoral 
143 114 71 143 
39 39 52 39 
14 28 28 28 
21 21 14 
15 20 
12 12 
TabIe-8 : Approximate molecular weights of peptides absent in 
peptide maps of a-cliymotryptic digests of MHC isoforms from 
different muscle-types in Catla catla. 
White Red Head Pectoral 
149 48 41 149 
48 39 21 45 
41 24 30 
30 27 
21 23 
20 
19 
Table-9: A compilation of a-chymotryptic peptide maps of MHC 
isoforms from white trunk muscles of all investigated teleosts, 
showing the peptides which are typically absent in an isoform. 
c. C. M. L. C. 
punctatus hatrachus armatus rohita catia 
17 167 167 143 149 
12 39 136 39 48 
19 50 14 41 
13 39 30 
11 19 21 
10 15 
13 
11 
10 
1 
Tablc-10 A : Apparent rate constants (ko) of inactivation of myosin 
Ca~"'-ATPase of different teleosts calculated from first 
order plots given in Fig. 16A. 
Name of the fish species ( R d / sec ' ) 
Channa punctatus 
Clarias halrachus 
5.85x10 -4 
5.74x10 -4 
Maslascemhalus armatus 10.7x10 -4 
Laheo rohita 
Catla catla 
20.18x10 -4 
19.93x10 -4 
Table-10 B : Apparent rate constants (ko) of inactivation of Ca^^-
ATPase of NAMs of different teleosts calculated from 
first order plots given in Fig. 16B. 
Name of the fish species ( k o / s e c - ' ) 
Channel punclalus 
Clarici.s hdlrcichits 
0.9x10 -4 
0.88x10 -4 
Mastasccnibci/iLs armatus 1.8x10 -4 
Labeo rohita 3.1x10 -4 
Catla catla 3.0510 -4 
Table-11 : Approximate specific LDH activities in white and red 
muscle extracts of air-breathing fish species and carps. 
Values are expressed in micromoles per min per gram 
wet tissue weight. 
W h i t e SD (±) Red SD (±) 
C.puncfofus 202.59 10.2 158.6 6.38 
C. bafrachus 254.288 13.96 213.15 15.9 
/VI. armafus 278.596 8.1 ABSENT ABSENT 
Lrohifo 341.53 15.5 401.23 -12.158 
C. caflo 332.68 10.1 395.14 8.6 
DISCUSSION 
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DISCUSSION 
Type-II myosins of fish muscle have been investigated with the 
viewpoints of submolecular structure and its correlation with morpho-
functional aspects and/ intra- or interspecies heterogeneity. 
As pointed out under Introduction, the present investigations apart 
from the above aspects, were further extended to cover new viewpoints : 
e.g. (a), extension of inter- and intra-species genetics (polymorphism) of 
MHC isoforms of different muscle-types to determine structural basis by 
peptide mapping; and (b) the correlation of diversity among biochemical 
properties with adaptive traits, such as possibility of down-regulation of 
ATPases in air-breathing teleosts. Two species of carps have been included 
as the water-breathing control. 
S u b m o l e c u l a r po lypept ide compos i t ion of w h i t e skeletal 
musc le a c t o m y o s i n and myosin of inves t iga ted t e l eos t s : 
SDS-PAGE patterns of white skeletal muscle myosins of fish species 
analyzed in Laemmli's system reveal a general similarity with type-Il 
vertebrate myosins (Fig. 3). In this PAGE system, due to costacking as a 
mass of - 2 0 0 kDa, no differences are detected between MHCs from 
PACX 
different sources. Though the range of myosin light chains mass of various 
fish myosins (M, values =25-15 kDa) is also in agreement with reports in 
literature, the published evidence reveals interspecies heterogeneity 
(Huriaux et al, 1992) as well as similarity among myosin LC mass of 
several fish species (Ochiai et al., 1990). If similarity in electric charge on 
light chain components is an indication of evolutionary relationship, then 
LC 1 and LC3 of C. punctatus and C. batrachus might be the most conserved 
components. On the other hand, interspecies differences are clearly 
characterized by LC2 (Fig. 3, Table-2). These species differences are, 
however, in contradiction with the general heterogeneity reported for fish 
myosin LC3 instead of LC2 (Martinez et al., 1990a and b; Huriaux et al, 
1992). Nevertheless, in myosins of teleosts investigated in this study, 
substructural differences are more likely to occur in LC2; which may even 
be more pronounced in LC2 of L. rohita that has a Mr of 23 kDa (Fig. 3, 
Table-2). Though myosin LCs of L. rohita is likely to share phylogeny with 
the other carp C. catla, existence of a 4th LC marked as LC3b, indicates 
divergent evolution. LC3a (Mr=15 kDa) is common to not only myosin of C. 
catla, but myosins of air-breathing teleosts also. 
There are some clear differences in the amount of different LCs in 
various myosins investigated here (Table-3). However, the discussion on the 
functional significance of stoichiometric variations should await the 
identification of DTNB and alkali LCs. 
In general, fish Tm and Tn isoforms expressed only during 
development are known to have different Mr values (Focant et al., 2000). 
The present work, however, demonstrates clear differences in Mr of Tm (40 
kDa) of C. batrachus, while slightly low Mr values are typical of Tm of C. 
punctatus and M. armatus, if the gel contained 10% glycerol (Table-2). 
Genet ic d ivers i ty (po lymorph i sm) of heavy cha in i so forms 
( M H C s ) and its s tructura l basis : 
Polymorphism in MHC isoforms : 
Unlike carps, no broad distinct bands of red muscles along the lateral 
line exist in C. punctatus. Besides, diffused patches of red muscle in 
extremely low amount, which are denser in caudal region, occur 
subcutaneously. Musculature of the other air-breathing teleost, C. batrachus 
also resembles the pattern of distribution of red muscle in C. punctatus 
closely. Trunk muscle of the latter species is, however, peculiar in 
comprising visibly significant amount of myoglobin, as well. There is almst 
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no red muscle in M armatus and it is, therefore, different from above two 
air-breathing species in having exclusively white muscle. 
Even if polymorphism is recorded at subpopulation level, a single 
MHC isoforms has generally been detected in fish muscles (Karasinski and 
Kilarsky, 1989; Martinez et al. 1990a and b; Karasinski, 1993). Only Asian 
and European members of genus Barbus have so far been shown to exhibit 
intraspecies polymorphism at racial level (Huriaux et al., 1992). During the 
present studies also, a variant was discovered in one sample of Channa 
punctatus (Fig. 4). The evidence, however, may not be conclusive, because a 
karyotypic variant {Channa punctata) in this species has been reported to 
have 34, 2n chromosomal compliments (Dhar and Chatterjee, 1986) instead 
of usual 32 (Sharma and Agarwal, 1981). Karyotyping was out of scope of 
the present work. The existence of two MHC isoforms in pectoral muscle of 
C. batrachus is, however, unambiguously demonstrated (Fig. 5A, lane-9). In 
this context, it is noteworthy that fishes belonging to genus Clarias are 
known as walking catfishes and a known nocturnal migrators during which 
pectoral fins are also put to use. 
Within the limitation of sample size, no intraspecies variants were 
found in M armatus (which has only white skeletal muscles). Including this 
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species, specific number of MHC isoforms in different muscle-types of 
different teleosts, including carps, varies from 1-4 (Table-4). Assuming that 
none of them is the product of alternate splicing, a species specific number 
of genes (1-4) will be required to express the con-esponding number of MHC 
isoforms. Therefore, at least in four teleosts (excepting M armatus) a 
reasonable level of multiplicity appears to exist within myosin multigene 
family of the teleosts studied here. 
Inter and intraspecies differences among MHC isoforms based 
on Peptide Maps : 
Peptide mapping strongly suggests that the polymorphism observed in 
MHC isoforms is real and have a structural basis. Almost all of the 
published reports deal with the peptide maps of alternative isoforms of a 
species which are synthesized as a result of acclimation to different 
temperatures. Intraspecies comparisons of MHC isoforms from different 
muscle-types have been restricted to comparison of electrophoretic 
mobilities only (see for instance Martinez et ai, 1990; Karasinski, 1993). 
This study extended the initial observations on electrophoretic mobilities of 
MHC isoforms of different muscle-types of the same species to peptide map 
comparisons (Figs. 7 and 8). Number of peptides in MHC isoforms of 
neither of the muscle type in any teleost studied here exceeded forty. The 
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emphasis in reports published so far, has been on the appearance of novel 
peptides showing the differences rather than total number of peptides present 
in the maps (Crockford and Johnston, 1990; Watabe et al, 1992). 
Differences between peptide maps of MHC isoforms from different 
muscle-types of the same species confirm that the differences between their 
relative mobilities are not artifacts. The observed differences vary within a 
range of 2-9 peptides (Tables, 5-9). 
A comparison with the published evidence suggests that MHC 
isoforms of different muscle-types used in this study were of high purity, 
that in turn, supports the reliability of chymotryptic peptide maps. Digestion 
of myosin or MHC isoforms results in the release of fragments of 170, 143, 
132, 94 kDa and several other fragments in the range of 70-80 kDa (Ikariya 
etaL, 1981; Kato and Konno, 1993; Watabe etal, 1992). Functionally well-
identified subfragments, corresponding to Mr values of SI , rod or additional 
of established Mr are typically present in each peptide map (Figs. 7-8). In 
addition, the chymotryptic peptide maps of MHC isoforms of all muscle-
types of each species also show the typical presence of bands corresponding 
to HMM-HC (=143 kDa), rod (132kDa), Sl-HC (94kDa) and LMMs (73-81 
kDa) as reported for peptide maps of carp (Watabe et al., 1992). 
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The results on types of musculature and, the expression of specific 
MHC isoforms and their substructure, lead to the following conclusions : (/), 
the number of MHCs corresponds to muscle-types present in a fish species 
rather than the adaptive trait; and (//), intra-species submolecular differences 
between MHCs isoforms of different muscle-types of the same species (as 
revealed by peptide maps) should be a reflection of independent 
evolutionary histories. 
Correlation between changes in Ca^^-A TPase activity and 
chymotryptic fragmentation of myosin heavy chain : 
To demonstrate interspecies structural differences between myosin or 
actomyosin from different sources, limited proteolytic digestion has been 
employed previously (Hasnain et al., 1976; 1978). It is a well established 
fact that the changes in catalytic activity depend on incubation temperature 
that determines the speed and course of proteolytic cleavage. Even if 
myofibrils or actomyosin is the substrate, the changes are basically due to 
cleavage of MHC. Where the NAMs of white skeletal muscle of teleosts 
selected for the present study differ, their is overall stability to chymotryptic 
digestion in comparison with the teleosts of temperate habitat (Ikariya et al, 
1981; Hamai and Komio, 1990). 
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Either no or very low level activation is recorded in ATPases of 
temperate fish myosins. In contrast, NAM of each of the five species showed 
a high level of activation of Ca"'-ATPase during at least early 20 min (Figs 
18A and 19A). In general, conversion of MHC into fragments of 91-166 
kDa coincides with the initial events of ATPase activation (Fig. 18B-D and 
Fig. 19 B-D). Even further fragmentation showing a prominent 131 kDa 
band (rod) and ~91 kDa (SI) as well as several rather low Mr fragments does 
not cause a substantial decline in Ca"^-ATPase of C. punctatus and C. 
batmchus. Though M annatus Ca""-ATPase demonstrates a decline below 
original level after 30 minutes of digestion, it is less susceptible to 
chymotryptic digestion than the two carps. 
The above results involving the catalytic domains of MHC isoforms 
are additional evidence supporting the observed interspecies structural 
differences among isoforms of white skeletal muscle. 
T r e n d s a p p a r e n t from biochemical c h a r a c t e r i s t i c s : 
Air-breathing organ (ABO) of Clarias batrachus is most complex that 
involves a vascularized supra-branchial chamber, and well developed ABO 
with fans and tree-like branched ramifications (Munshi, 1985). In Channa 
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punctatus, the ABO is a pouch-like extension of gill chamber with a bony 
lamellar labyrinth covered by vascularized musculature (Munshi, 1962). No 
specialized organs have been discovered in Mastacembelus armatus so far; 
but, behaviorally it is an established air-breather. It is worth mention that a 
number of Amazonian fish species survive on air-breathing without the 
assistance of an ABO (Chippari-Gomes et al, 2003). 
A large body of published evidence exists that deals with thermal 
acclimation regimes of fish myofibrillar proteins (reviewed under 
Introduction, Watabe, 2002), or cruising-speed variations among different 
muscle-types (Rome, 1990; Goldspink, 1998). No investigations have been 
carried out on molecular and functional adaptability of skeletal muscle 
proteins of air-breathing teleosts; though in a selected few cases factors other 
than the temperature, such as high levels of urea in elasmobranchs, have also 
been shown to influence the functional properties of fish muscle (Arai et al., 
1976; Hasnain and Yasui, 1986; Yancey, 1985; Kanoh et al, 1999). 
LDH lies at the end of aerobic and anaerobic pathways of energy 
production and responds to anaerobic pathway option by increasing its rates, 
while other enzymes of glycolytic pathway do not (Hochachka et al, 1998; 
Lawrence DeKoning, 2004). When faced with imposed hypoxia or 
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instinctive incursions outside water, air-breathing fishes switchover to 
anaerobic metabolism for energy production (Almeida-Val and Hochachka, 
1995). Muscle under this stress is likely to witness several physiological 
changes such as dehydration (which may affect physiological salt levels) and 
change in tissue pH, specifically due to accumulation of inconvertible 
lactate. 
Somehow, skeletal muscle is the first tissue to become hypoxic (Van 
den Thillart and Van Raaji, 1995) and it must, therefore, have a biochemical 
strategy to adjust this stress. "Does the myofibrillar system possess 
biochemical properties which reflect such an adjustment?" is the hypothesis 
that prompted this portion of the investigations. For a better understanding 
of the mechanisms, air-breathing fishes of distant phylogenetic relationships 
were selected. 
Specific characteristics of ATPase activities : 
The most obvious characteristics of Ca^ "^ - and physiological Mg^^-
ATPases of myosins and NAMs of white skeletal muscle of air-breathing 
teleosts is their low specific activity between wide range of KCl 
concentrations and pH values (Figs. 9-11). Sustenance of a high level of 
specific actin-activated Ca^"^-ATPase over a wide range of pH is 
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characteristic of air-breathing teleosts (Fig. 1 IB). This applies to red muscle 
also in case' of salt as well as pH values (Figs. 12-13) and supports the 
general concept of a down-regulatory mechanism of metabolic adjustments 
of LDH isozymes in air-breathing fishes (Almeida-Val and Hochachka, 
1995). It is remarkable that at pH values below 7.0, the down- regulatory 
pattern of catalytic activities of air-breathing teleosts disappears. The 
regulatory characteristics of ATPases of air-breathing teleosts are being 
reported for the first time. A lowering of pH may be the initial condition 
faced during natural or imposed hypoxia. The catalytic characteristics are 
somehow consistent with the solubility patterns of myosins as a function of 
KCl concentration and pH. Keeping in view that rod determines the 
solubility of myosin; it is worth mention that thick filament length has been 
found to parallel the actin-activated Mg^'^-ATPase level of carp in 
comparison with these parameters of rabbit (Matsuura et al, 1988). 
As discussed in the beginning (page-65), accumulation of lactate is 
the most apparent consequence of prolonged anaerobic metabolism. In the 
presence of lactate, physiological ATPase profiles of the two ABO 
possessing teleosts (C. punctatus and C. batrachus) are peculiar in showing : 
(i) an initial up-regulation with Na-carbonate (used to adjust pH of L-lactic 
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acid) in comparison with water-breathing carps; and (ii) an apparent up-
regulation as the concentration of lactate increases above 3 jimoles (Fig. 14). 
Levels of physiological ATPase of M armatus, which is devoid of an ABO 
and contains only white trunk muscle, show almost no activation or 
inactivation irrespective of the type of lactate added to assay mixture. This 
indicates that a different mechanism of maintaining muscle contractibility 
may be operative in this species during hypoxia. The results on the response 
of physiological ATPase are in full agreement with the specific levels of 
LDH activities (Fig. 24) that was chosen as the metabolic index. 
Relative stabilities and conformational variations : 
The observed correlation of interspecies chemofunctional differences 
to the overall structural peculiarities of myosin molecule is supported by 
thermolability data. While ko values (Table-10) reflect the differences of 
catalytic sites, the turbidity changes includes solubility determinants as well 
(Fig. 15-17). In general, thermostability data demonstrates stability of 
NAMs and myosins of air-breathing teleosts as compared to those of carp 
homologues. There were no variations in the temperature of the habitat of 
the teleosts investigated here. Therefore, the observed differences in relative 
stabilities can not be well explained only on the basis of adaptability against 
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the temperature of the ambient. As obvious by the response to lactate, this 
factor or a combination of them including phylogenetic distance might have 
been the modulators of temperature dependent adaptability. 
Myosin of M. armatus, which appears to have an air-breathing 
mechanism different from the two other air-breathing species, shows quite 
different UV absorption spectrum (Fig. 20). It resembles the general pattern 
observed for cai-p (Takashi et ai, 1974), who described it quite similar to 
that of rabbit myosin. In comparison with the two other air-breathing 
teleosts, phenylalanine contents are higher in myosin of the two carps. 
Neither carps nor other air-breathing teleosts have a peak of the magnitude 
representing tryptophan contents in M. armatus. 
On the basis of urea induced perturbation, plotting AA at peaks typical 
of phenylalanine, tryptophan and tyrosine myosins of investigated teleosts 
can be discriminated into two groups. In one group, represented by air-
breathing fish species equipped with ABO {e.g. C. punctatus and C. 
hatracJms) perturbation of all the three types of amino acid residues is the 
highest (Fig. 22A and B-23A and B). The sccond group is constituted by the 
water-breathing carps and behavioral air-breather M armatus. Incubation of 
myosins of these three species with urea shows 20-25 time low-intensity 
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changes in AA (Figs. 21A and C; 23A and C). However, despite showing 
general similarity, urea-induced changes in AA of myosin of M. armatus are 
distinctly different from those of the two carps (Figs. 21C, 22C and 23C). 
Thus, the results obtained during the present study, demonstrate that 
myosin family in the above teleosts is a multigene family and the 
determinants of structural and chemofunctional aspects of various myosins 
are their MHC isoforms. Evidence is provided which shows that apart from 
the temperature of ambience, phylogenetic distance and specific adaptive 
traits also influence molecular architecture of myosin molecule. 
CONCLUSIONS 
CONCLUSIONS 
This work deals with substmctural aspects of myosin heavy chain 
isoforms and the biochemical properties of myosins or natural actomyosins 
of five teleosts. 'Out of them Channa punctatus and Clahas batrachus are 
equipped with air-breathing organs (ABO), while Mastacembelus armatus is 
an air-breather involving no ABO. Two major carps {Labeo rohita and Catla 
catla) have been included as water-breathing controls. The findings lead to 
the following conclusions : 
1. Myosin heavy chain (MHC), actin, tropomyosin, troponins and 3-4 
light chains are typically present in actomyosin of white skeletal 
muscle of «ach teleosts investigated here. MHC and 3-4 light chains 
are diagnostic of myosin. LC2 is most divergent. 
2. Muscle-type specific polymorphism exists in C. punctatus, C. 
batrachus, L. rohita and C. catla. Two MHC isoforms were detected 
only in pectoral muscle of C. batrachus. 
3. Chymotryptic peptide-maps of MHC isoforms are muscle-type 
specific, and absence of certain peptides confirms structural 
differences between them. Apparently, with the exception of M. 
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armatus, myosin super-family of otlier four teleosts has a multigene 
system. 
4. The chymotryptic digestion produces an activation of 130-170% in 
Ca^^ ATPase activity in each NAM. The changes in ATPase coincide 
with the release of v^ell identified subfragments such as SI, rod, 
HMM-HC and LMMs, typical of vertebrate homologues. 
Corresponding fragments also existed in peptide maps of MHC 
isoforms revealing a general structural similarity in their catalytic 
sites. 
5. Aquatic breathing teleosts (carps) exhibit a substantial, up-regulation 
in the physiological ATPase at mild alkaline pH values and similar 
trends characterize their salt concentration dependence. High ATPase 
rates of aquatic-breathers are scaled down to minimum as the pH 
declines below -6.5. At these pH values ATPase rates in both groups 
of teleosts are similar, which may be of adaptive significance to air-
breathing teleosts while faced with sub-neutral pH values during 
hypoxia. 
6. The up- and down-regulatory trends of physiological ATPases are 
also reversed in the presence of lactate which is a likely LDH 
73 
substrate that accumulates in air-breathing fish muscle because of its 
inconvertibility during prolonged hypoxia. 
7. Ca^'ATPase and turbidity changes demonstrate general stability of 
airbreathing species than water breathing major carps. The order of 
relative thermostabilities is: C. batrachus or C. punctatus> M. 
arma{us> L. rohita or C. catla. 
8. Myosins of C. batrachus and C. punctatus exhibit marked urea-
induced conformational changes. Though several times lesser in scale, 
an almost similar trend of perturbation of phenylalanine, tryptophan 
and tyrosine residues is recorded for carp myosins. UV-DS of 
behavioral air-breather M. armatus without and with urea shows 
conformational changes typical of itself 
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